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A b s t r a c t
The aim of this study was to identify and measure areas of 
physiology relevant to die initiation of secondary metabolism and spore 
formation. It was discovered that the growth kinetics of 
Saccharopolyspora  erythraea  in a liquid culture environment were 
dependent on the type of nutrient limitation the organism was exposed to. 
Sacc. erythraea  was able to produce erythromycin and formed structures 
which had properties similar to those of spores (designated ‘sonic resistant 
units’ in this thesis) in a nitrogen limited medium but, would produce 
erythromycin but no ‘sonic resistant units’ in a carbon limited medium. 
This resulted in two liquid culture systems, one which supported the 
formation of ‘sonic resistant units’ and one which did not, and thus 
enabled die comparison of the conditions which resulted in sporulation or 
secondary metabolism.
The measurement of the rate of DNA, RNA and protein synthesis 
showed distinct profiles of synthesis in both media. Measurements of these 
rates in Streptom yces h ygroscop icus showed similar profiles in the same 
media suggesting that the behaviour of the macromolecular synthesis rates 
in different nutrient limiting conditions might be applicable to 
streptomycetes in general.
A change in macromolecular synthesis rate was implicated in 
inducing secondary metabolism. Antibiotics were used to modulate these 
rates in an attempt to induce secondary metabolism. Results from these 
experiments suggested the possible role of the intracellular concentration 
of charged and uncharged tRNA in induction of antibiotic synthesis. This
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relationship implies an analogy between the stringent response and the 
physiology of the induction of secondary metabolism.
The formation of spores (‘sonic resistant units’) did not appear to 
be induced by changes in macromolecular synthesis rate or changes in 
tRNA levels or ratio. However, it was evident that the rates of 
macromolecular synthesis increased during the production of spores and 
this implied that it is the action of some intracellular agent that is inducing 
macromolecular synthesis to fuel the spore forming process.
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I n t r o d u c t i o n
The A ctinom ycetales constitute a group of organisms within the 
prokaryotic kingdom which show many similarities with microscopic fungi 
with which they are a classical example of convergent evolution. 
Specifically relevant in this context is the mycelial organisation of their 
colonies i.e. production of hyphae and spores. One may speculate that 
these similarities are from a common adaptation to fulfil their metabolic 
functions in the absence of water in their immediate environment.
The mycelial organised actinomycetes include the genera 
Streptom yces, A ctinoplanes and Therm om onospora  (Goodfellow, 1989) 
and these also constitute the exospore forming actinomycetes (also known 
as, the sporoactinomycetes). These organisms have a complex life cycle, 
for prokaryotes, and all form non-motile, branched filamentous networks 
(mycelia) that grow over and into the substrate. The mycelium is efficient 
in the solubilisation of high molecular weight biopolymers, i.e. proteins 
and polysaccharides, through the secretion of extracellular enzymes 
followed by uptake of die products. However, diis mycelium is a fixed 
non-motile structure and so a dispersal mechanism is necessary because 
growth of hyphae is a slow and inefficient means of colonising new 
environments. Therefore, the spores produced by organisms such as the 
streptomycetes are more analogous to the swanner cells of C aulobacter  
spp. than to Bacillus spp. spores (Hodgson, 1989).
Colony Development
The life cycle of a streptomycete growing on solid media involves 
the formation of two different types of mycelia. A substrate mycelium is 
made up of hyphae of 0.7 pm diameter (Wolf & Schoppmann, 1989) 
which grow on and into the culture medium and are occasionally 
interrupted by cross walls. The first 15 microns from the tip of the hyphae
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constitutes the growing area of the colony where there is active cell wall 
synthesis and outgrowth into the medium (Gray et a l, 1990).
The production of RNA and protein is uniform throughout the 
hyphae, while DNA synthesis tends to occur at discreet points along the 
hyphae, but is more common at the tips (Gray e t al., 1990).
Studies into the growth of Streptom yces co e lico lo r  have shown that 
the organism grows by apical extension. This growth is linear but 
logarithmic growth can be achieved if the organism branches exponentially 
(Allan & Prosser, 1983, 1985). In then work on S. co e lico lo r  growth, 
Allan & Prosser (1985) suggested that the colony growth of 
streptomycetes is not limited through nutrient exhaustion but is due to the 
production of a 'staling' compound by the organism. In order to prove this, 
S. co e lico lo r  was grown on sheets of cellophane under which nutrients 
were pumped (Allan & Prosser, 1987). The organism received a constant 
nutrient supply and die staling compounds were washed away. The 
colonies in this experiment showed a decrease in hyphal extension (and 
therefore colony growth) but an increase in brandling. However, in the 
normal colony suppression of branching by the staling compound resulted 
in growth being concentrated into primary hyphal extension. Therefore, it 
was concluded that die colony spreads outwards and growth back into the 
centre of the colony was prevented. The work of Allan & Prosser (1987) 
has proven that S. co e lico lo r  produces diffusible agents whose action 
promotes colony outgrowth. These results do not show that staling 
compounds repress growth but imply diat hyphal growth and dierefore 
new biomass is directed towards the edge of the colony.
At the centre of a colony, tiiere is die formation of a second type of 
hyphae which are known as aerial hyphae (Figure 1.1). These aerial 
hyphae are branches of the substrate hyphae which protrude into the air
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and differentiate into chains of spores. The aerial hyphae and spores are 
surrounded by a spore sheath and as such are structurally different to the 
substrate hyphae. This sheath can be supplemented by many types of 
ornamentation whose species to species variation has made them a
Figure 1.1, A schematic representation of the different cell types that exist 
within a streptomycetes colony. The cells in black represent live cells while the cells in 
white represent dead or lysed cells. (Modified from Wildermuth, 1970).
criterion for the classification of actinomycetes (Locci, 1989). The purpose 
of this micromorphology is unknown, but the hydrophobic nature of spores 
together with this ornamentation has led some workers (Ruddick & 
Williams, 1972) to speculate that they are involved in a spore dispersal 
mechanism. It has been demonstrated that the hydrophobic nature of 
spores is absent when the spore sheath is removed (Williams et al., 1972) 
and this seems to suggest that the spore sheath may have role to play in 
desiccation resistance (Chater et a\., 1972).
A number of proteins that are released by S. coelico lo r  A3 (2) 
spores have been isolated after treatment with detergent (SDS) and a 
reducing agent (DDT). So far five of these 'spore associated proteins' 
(Saps) have been isolated (Guijarro et al., 1988) and named Sap A-E. Of 
these SapC, SapD and SapE have been found to be non-essential. SapA
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and SapB are produced only during aerial mycelium formation and are 
specific to aerial hyphae and spores. The roles of the proteins are as yet 
unknown but they may be dissociated wall materials. The differentiation of 
the colony into aerial hyphae and spores also coincides with the onset of 
secondary metabolism.
Granozzi et a/.,(1990) grew S. co e lico lo r  on a solid medium and 
demonstrated that growth stops and that the synthesis of DNA, RNA and 
protein also stops before aerial mycelium formation. When all of these 
processes are reinitiated, aerial hyphae formation occurs. A large change 
in physiology such as this was interpreted as evidence that sporulation was 
a rapidly co-ordinated process.
During the formation of aerial hyphae and spores, the substrate 
hyphae undergo massive lysis. Work performed by Wildennuth (1970) 
and Mendez et al., (1985a) suggested that the lytic products from the 
substrate mycelia provide the nutrients for the formation of the aerial 
mycelia. Thus, in this instance, the aerial mycelium behaves as a 
nutritional parasite on the substrate mycelium.
Autoradiography studies (Mendez et al., 1985b) demonstrated the 
movement of materials from the substrate mycelium to the aerial mycelium 
during the spore formation process. This raised the possibility that the 
aerial mycelium is produced purely from materials derived from tire 
substrate mycelium. Further supporting evidence for this conclusion 
(Hardisson e t a l, 1985) was 1. the formation of the aerial mycelium was 
not associated with any significant increase in colony dry weight and 2. the 
aerial mycelium was formed at a time when the substrate mycelium were 
the only available nutrient source.
During aerial mycelium development the concurrent formation of 
glycogen storage granules within the substrate mycelium also occurs
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(Dawes & Senior, 1973). This glycogen accumulation reached a peak 
(18% of cell dry weight) before the onset of sporulation, at which point the 
glycogen content of the mycelium decreased gradually. Previous studies 
showed that the degradation of glycogen was used to fuel the sporulation 
process and was not used to maintain the substrate hyphae (Thiery, 1967). 
Furthermore, glycogen was not present in mature spores and lysed hyphae 
have been shown to contain intact glycogen granules, thus it was not a 
lack of carbon which was the cause of substrate hyphal lysis.
Microscopic observations of aerial and substrate hyphae have shown 
the existence of a spore sheath on die aerial hyphae. This sheath may 
possess various forms of ornamentation depending on the Streptom yces  
spp. and this has been used as a means of classification (Locci, 1989). 
While die spore cell wall is thicker than diat of a substrate hypha there 
seems to be no qualitative change in die wall peptidoglycan. However, 
work performed by Takaliaslii (1991, personal communication) has shown 
some difference in die peptidoglycan of Kitasporia  setae  spores and 
hyphae when the organism is grown in submerged conditions.
Certain properties which are shown by spores, however, are: 
resistance to desiccation, tolerance to elevated temperature, 
hydrophobicity and metabolic dormancy. Spores which are harvested in 
the dry state show: no endogenous respiration, contain low levels of 
cytochromes and substantially less ATP than vegetative cells (Kalakoutski 
& Pouzliaritskaja, 1973). Thus spores do indeed seem to be some form of 
resting cell.
Some of the resistant properties of actinomycete spores have been 
attributed to the storage of trehalose by die spore (McBride & Ensign,
1987). It has been found that a spore's heat resistance increases with an 
increased concentration of stored trehalose. Also a role in the resistance of
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spores to desiccation may also be implied from the action of the 
disaccharide in protecting the structural and functional integrity of 
membranes (Crowe et a l , 1984; Rudolph & Crowe, 1985). Several lines 
of evidence indicate that trehalose interacts with die polar head groups of 
phospholipids and this could help to maintain the membranes in their 
hydrated configuration in the absence of water.
Thus within a Streptom yces spp. colony we see a high degree of 
morphological differentiation involved in the production of spores. It must 
also be remembered diat diese spores are not the resistant structures 
produced in Bacillus spp. but are more a means of dispersing die 
organism to fresh nutrient sources. Thus, the overall survival strategy is 
different, hi streptomycetes, spores are produced more as a contingency 
plan in the event tiiat die colony fails to find any fresh nutrient sources.
Sporulation In Liquid Culture
The study of the process of differentiation of Streptom yces species 
would be greatly facilitated by die sporulation of the organism in liquid 
culture. However, this is a relatively uncommon occurrence. To date 
examples of sporulation in submerged cultures are restricted to 
Streptom yces griseus (Kendrick & Ensign, 1983; Oclii, 1987b; Daza et 
a l , 1988), Streptom yces co e lico lo r  (Koepsel & Ensign, 1984; Daza et 
a l , 1988), Streptom yces virid iochrom ogenes (Koepsel & Ensign, 1984), 
Streptom yces roseosporu s  (Huber et a l , 1987), Streptom yces venezuelae  
(Glazebrook e t a l , 1990) plus a few other species (Daza et a l, 1988).
hi die majority of cases, sporulation is associated widi a nutritional 
downshift and this is most commonly represented as the exhaustion of 
nitrogen or phosphate in the culture media. The only exception to this is 
the demonstration of die submerged sporulation of S. roseosp oru s  (Huber
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e t a l, 1987) in a complex medium, which was not designed to achieve 
nutrient limitation. However, because it was a complex medium the 
monitoring of medium nitrogen, phosphate and carbon levels was difficult 
and unless a continuous feed was being used some form of nutrient 
limitation (although what type is not known) must have prevailed during 
die experiment.
The work quoted above implies that sporulation in liquid culture is 
induced by nutrient limitation. However, this is not necessarily the case. 
The majority of Streptom yces species do not spomlate in liquid culture 
and this could be a consequence of some necessary factor being absent 
from the medium or something present that is stopping sporulation. Also 
the formation of spores requires die production of specific hyphal forms 
(aerial hyphae) and these may not be produced in a liquid culture 
environment. It has been suggested (Hodgson, viva communication) that 
nutrient limitation may induce sporulation by replacing die true signal and 
circumvents the necessity to form specific hyphal morphologies in liquid 
culture.
hi some cases the germination of spores within a liquid culture 
environment has been accompanied by a nutrient induced primary hyphal 
formation. This hypha tiien develops a spore chain. This has been termed 
microcycle sporulation (Koepsel & Ensign, 1984) and it has been 
suggested by Hodgson (1992) tiiat diis phenomenon is a reflection of the 
behaviour seen in streptomycetes growing widiin some soil particles. In 
particular, the colonisation of a nutrient limited micro-niche (Locci, 1988).
Developmental Mutants
The majority of work oil the genetics of differentiation in 
streptomycetes has been performed on Streptom yces co e lico lo r  A3 (2) due
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mainly to the fact that this organism has an easily exploited conjugation 
system and also produces pigmented antibiotics as secondary metabolites, 
thus mutants are quite easy to recognise and characterise.
Figure 1.2, The mutants and genes identified in the developmental pathway 
of Streptomyces coelicolor A3(2). Modification from Chater & Merrick, 1979.
In S. co e lico lo r  there are two main groups of developmental 
mutants, Bald (bid) mutants and White (whi) mutants (See figure 1.2). S. 
co e lico lo r  strains with a disruptive mutation in their bid  genes are unable 
to form aerial mycelia and thus their colonies have a smooth appearance.
Mutations in all the bid  genes are strikingly pleiotropic in that they 
also abolish the production of most, if not all, antibiotics. The exceptions 
to this are bldE and bldF  mutants which produce abundant quantities of 
undecyclprodigiosin. The bid A mutant also produces this antibiotic on a 
low phosphate medium (Chater, 1993). A blue pigment (presumably 
actinorhodin) is produced in bldB mutants if they are incubated for
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prolonged periods and is also produced in bldH  mutants if mannitol is used 
instead of glucose as a carbon source (Chater, 1993). However, the 
absence of bid  mutants which are not affected in secondary metabolism 
demonstrates how pleiotropic these mutants are. It must be stated 
however, that a pleiotropic effect of a gene does not imply that it is a 
regulator or part of a regulatory cascade. To draw an analogy, it might be 
part of the wiring rather than die switch.
The genes bldA , bldB , bldC  and bldD  were first reported by Merrick 
(1976). The mutants were identified on complex media and die phenotypes 
of these mutants were also maintained on a minimal medium containing 
glucose. However, the bldA, bldC  and bldD  mutants were able to 
sporulate on minimal media if the carbon source was changed from 
glucose to mannitol. Growth on minimal medium containing bodi mannitol 
and glucose however, was unable to form spores. Thus, sporulation hi 
diese mutants is glucose repressible. However, bldE , bldG  and bldH  are not 
capable of sporulation even under non-glucose repressible conditions. This has led 
to the suggestion (Hopwood, 1988a; 1988b) tiiat diere are two pathways 
of aerial hyphae formation in S. co e lico lo r  A3 (2) of which one padiway is 
glucose repressible.
The bldA product has been found (Lawlor et a l., 1987) to be a 
tRNAleu like molecule, which raises the possibility diat it exerts its control 
at the level of translation, via an effect of the very rare (in streptomycete 
DNA) TTA codon (Chater et a l., 1988). The bldB gene is extremely 
complex (Harasym et a l , 1990) and appeal s to be composed of two genes 
(loci). Homology studies have shown that this gene is lacking in other 
Streptom yces species, including the closely related strain of S. lividans 
66.
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A number of bid  mutants have been isolated in S. griseus and of 
particular interest is the afsA  mutant which does not produce A-factor but 
will sporulate if it is placed near a wild type colony (Hara & Beppu, 
1982).
The whi mutants are able to produce die aerial mycelium but are 
deficient in the spore formation process. These deficiencies can range from 
die coiling of die aerial hyphae to relatively late events in differentiation 
such as spore cell wall thickening (Figure 1.2). These mutants are 
designated as white mutants due to die non-production of pigment in the 
spores which gives wild-type colonies a characteristic grey appearance.
None of die nine white genes (whiA to whil) are known to abolish 
antibiotic production when disruptively mutated. Thus in this sense they 
are not pleiotropic and tend to show an organisation which suggests a 
linear pathway of development (Chater, 1972). Of the nine white genes 
w hiG  appears to act at the earliest step in the commitment of aerial 
mycelia to sporulate and its product is a putative sigma factor (Chater,
1988). Thus the method of promoter selection by different sigma factors in 
Bacillus subtilis sporulation (Losick et a i , 1989) may also be employed 
by S. coelico lor . Further work by Chater (1989) has shown that the ORF
• • Sof whiG  is homologous with B. subtilis motility sigma factor, cr, rather
than the bacillus sporulation sigma factors. This would seem to confirm 
the opinion diat spores in streptomycetes are more a means of dispersal 
than survival dirough dormancy.
The molecular roles of die other whi genes are unknown but they are 
probably structural genes for hyphal and spore components. One of these 
may be a spore associated protein (SapA) which has been isolated from 
mature spores (Guijarro et al., 1988). Another spore associated protein
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(SapB), has also been discovered (Willey et a l ,  1991) and unlike Sap A is a 
bid  gene product which could possibly be a bldD  or bldG  gene product. 
SapB has been found to be an enzymatically assembled (not ribosomal) 
glycoprotein and has been demonstrated as inducing aerial mycelium 
formation (but not spores) in bid  mutants.
Genetic evidence that die onset of sporulation and antibiotic 
production are subject to common control has been obtained from studies 
with bid  mutants. One interpretation of the Bid- phenotype is that the bid  
genes function in die vegetative hyphae to initiate the expression of genes 
involved in sporulation and antibiotic synthesis.
Recent work (Adamidis et a l ,  1990) defined a new S. co e lico lo r  
locus, absA, which globally blocks antibiotic synthesis but does not 
prevent sporulation or SapB production. This mutant provides evidence for 
a class of regulators that act specifically on the antibiotic genes and also 
suggests that sporulation and antibiotic synthesis are regulated by 
independent, parallel pathways which come in to play once the 'decision' 
to differentiate has been made. However, the global or pleiotropic effect of 
absA  is not sufficient evidence to prove that it is a regulator or is part of a 
regulatory cascade. The effects attributed to this gene may be due to it 
being ‘part of the wiring ratiier tiian being the switch’ . It is interesting to 
note tiiat aldiough the absA  mutants do not produce antibiotics they still 
express their antibiotic resistance genes at a time in the colony's 
development when antibiotics would normally be produced. Finally a- 
further difference between differentiation gene and antibiotic gene 
organisation is that the sporulation genes are foimd to be spread 
throughout the genome while the antibiotic genes tend to be clustered 
(Hopwood, 1988a; 1988b).
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Although sporulation and antibiotic production are not mutually 
exclusive there are strong links between the two processes. It has been 
suggested from an ecological point of view that antibiotics may act as a 
protection mechanism for the organism during colony lysis and subsequent 
aerial hyphae formation. Such a scenario would require the concurrent 
production of antibiotics with spores. Even though this hypothesis is 
speculative it does suggest that the simultaneous production of spores and 
antibiotics need not be coincidental and that there may be a link between 
the two processes.
The Role Of Secondary Metabolites
The ecological role of secondary metabolites is subject to debate 
and this is reflected in the plethora of hypotheses which seek to explain the 
function of this diverse class of molecules. Each of the hypotheses 
currently in existence has its own merits and can be broadly assigned into 
one of two main groups.
l.Product
The first group of hypotheses state that it is the actual products of 
secondary metabolism that are the important factors. This type of 
hypothesis has led us to the 'biowars' scenario (Bushed, 1989) in which the 
producer organism 'senses' the presence of a competitor by a change in its 
substrate assimilation rate (and launches some form of biological attack on 
that competitor). This attack may take die form of an antibiotic, a 
sporulation factor or any other niunber of active compounds as long as the 
molecule released reduces the effectiveness of the competitor.
The concept of the product being die important factor can also be 
applied to secondary metabolites and theories which point to diese
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molecules possessing some regulatory function. In the autoregulatory 
model, secondary metabolites act as internal switches involved in the 
expression or repression of genes in different nutritional conditions. It has 
been demonstrated that some antibiotics are involved in the sporulation 
process of the producer organism (Hodgson, 1970; Sarker & Paulus, 1972; 
Demain & Piret, 1979). Studies by Grund and Ensign (1985) on S. 
virid iochrom ogenes suggested a potential biological role for some 
streptomycete antibiotics. The spores of this organism contained a 
sporulation inhibitor that appears to prevent the calcium dependant 
ATPase activity reversibly in spores. When the inhibitor is released from 
the spore, germination will commence. It has been suggested (Grund & 
Ensign, 1985) that die inhibitor prevents spore germination during 
dispersal.
2.Process
The second group of hypotheses suggest that it is the actual process 
of secondary metabolism that is important rather than die end product. For 
example die 'detoxification' model (Dhar & Khan, 1971) is based on the ® 
importance of the production of secondary metabolites rather than a 
specific function of the molecule. An organism has branched pathways of 
metabolism with a pool of metabolite maintained at each junction (Figure 
1.3) so as to ensure a constant flow of chemicals throughout the pathways. 
Each pool needs a certain amount of energy to maintain it and prevent its 
diffusion out of the cell, diis energy requirement is known as the 
'Maintenance Energy'. From this, the total energy requirement of the cell 
can be described as maintenance energy plus energy for growtii. During 
poor conditions such as nutrient limitation, the organism does not grow but
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a certain amount of energy is required to maintain the viability of the cell 
(i.e. maintenance energy).
Figure 1.3, Representation of a branched metabolic pathway. The circles 
represent a pool of intermediate metabolites at the junctions of the pathway branches. 
The shaded oval demonstrates the utilisation of some of these intermediates to make 
secondary metabolites.
When the energy entering the cell falls below the maintenance 
energy requirement the result is cell death. In the detoxification model, cell 
death is avoided by secondary metabolic processes combining these 
intermediates in the pathways into substances which do not require any 
maintenance energy. Thus the maintenance energy demand on the cell is 
reduced and the organism is able to survive and remain viable in more 
severe conditions. In mutants which do not produce secondary metabolites 
the addition of intermediates to the cell under conditions of nutrient 
limitation results in substrate accelerated death. This is because the 
organism cannot produce enough energy to maintain the intermediates and 
it has no secondary metabolism with which to utilise them.
Another hypothesis in the 'process' category is Zahner’s (1979) 
'Games Room' hypothesis which regards secondary metabolism as a non- 
lethal form of selective evolution, allowing, in effect, the organism to
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‘experiment’ with alternative forms of metabolism during evolution. 
Mutation occurring within primary metabolism tends to be lethal, due to 
the essential roles played by these pathways. Secondary metabolism 
however, is non-essential to growth and so mutations in these pathways 
are not lethal to the organism. The evolution of secondary metabolites and 
how this relates to the process and product models will be discussed later 
in this chapter.
Are Secondary Metabolites Produced In The Soil?
In trying to define a role for secondary metabolites it should be 
appreciated that data obtained from artificial environments, such as 
screens, fennenters and enriched and sterilised soils may not reflect the 
roles of these compounds in the natural environment. This leads to the 
question of whether secondary metabolites are indeed produced in the soil, 
and if so, whether their stability and concentration are sufficient to be 
effective.
The soil environment is low in temperature and nutrients. As such 
low concentrations of secondary metabolites would be expected. This 
situation would seem to negate the 'biowars' hypothesis. However, as 
micro-organisms are capable of producing secondary metabolites in the 
laboratory, production in the soil seems likely. With regard to their 
concentration in the soil, we must examine the exact nature of this 
environment. It is incorrect to think of the soil as being a homogeneous, 
diffuse environment. A more accurate description is that of a collection of 
microhabitats consisting of thin biofilms around soil particles (Bums,
1989), around decaying matter and plant roots. The formation of a biofilm 
around a soil particle causes high local concentrations of nutrients and also 
increases the local concentrations of secreted products such as enzymes
18
and antibiotics (Bums, 1989). Also the majority of microbial activity in the 
soil results from the colonisation of material that enters the soil. This can 
take die form of decaying organic material (such as leaf litter) or exudates 
from plant roots. Such an environment is high in carbon and so secondary 
metabolism would be possible. Thus in this environment a biowars 
hypothesis does have some credence.
Another reason for believing that antibiotics are produced in the 
natural environment can be found by looking at the genetics of 
streptomycetes. The genes concerned with secondary metabolism have 
elaborate mechanisms of control. Physiological and biochemical studies 
have shown them to be complex and highly regulated processes (Martin & 
Demain, 1980; Aharonowitz, 1980; Martin & Liras, 1989). Complexity 
such as this is indicative of natural selection and would seem to indicate 
that secondary metabolism is not just useful but is essential to survival.
The presence of resistance genes in producers and non-producers is 
also good evidence for the production of antibiotics in the soil. For 
example, the streptomycete Sacc. erythraea  contains the resistance gene 
ermE. This gene codes for a protein that modifies the ribosome and as 
such confers resistance to erythromycin and many other MLS-type 
(Macrolide, Lincosamide, Streptogramin) antibiotics (Skinner & Cundliffe, 
1982; Cundliffe, 1989). This gene prevents the producer from killing itself 
when it produces erythromycin. However, the organism does not produce 
any other forms of macrolide antibiotics or produce lincosamide or 
streptogramin. From an evolutionary aspect the organism would not 
require resistance to these antibiotics unless it encountered them naturally. 
Greater evidence for antibiotic formation in the soil is the existence of 
resistance of genes hi non-producers, particularly in organisms which were 
isolated before antibiotics were used clinically.
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Secondary Metabolism And Filamentous Versus Unicellular 
Lifestyles.
The foregoing has not answered the question of why secondary 
metabolism exists. The majority of secondary metabolites are produced by 
filamentous organisms. Unicells such as Bacillus spp. also produce 
secondary metabolites such as bacitracin, gramicidin S and tyrocidin. 
However, the secondary metabolic repertoires of unicells is not as diverse 
as those of the filamentous organisms (Perlman, 1979). It seems therefore, 
that there may be some link between secondary metabolism and a 
filamentous lifestyle. The ability to grow in filaments is a great advantage 
to an organism as it is able to have primary and secondary metabolism 
taking place simultaneously in the same colony, hi die streptomycetes it 
has been observed that primary metabolism, new DNA syntiiesis and new 
cell wall synthesis occurs at the hyphal tip while secondary metabolism 
occurs further back (Prosser & Tough, 1991). Thus we have a form of 
compartmentalisation.
hi a unicellular organism, secondary metabolism will occur at the 
end of the growdi cycle when the organism is dying. Any useful mutations 
which have occurred in secondary metabolism will only be passed on if 
conditions improve and the organism reproduces, hi actinomycetes, 
growth and secondary metabolism occur simultaneously and thus the 
organism can freely experiment widi secondary metabolism. 
Actinomycetes also sporulate at die end of the growth cycle and so any 
useful mutations in secondary metabolism are conserved.
It is interesting to note that one of the most diverse unicells in terms 
of secondary metabolites are the Bacillus spp. and diese organism also 
sporulate. hi Bacillus spp. we find that secondary metabolism is 
concomitant widi spore formation. Not all actinomycetes produce
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filaments but they still produce secondary metabolites. However, they do 
not produce secondary metabolites to the same extent as streptomycetes 
and as such die ability to sporulate and grow in filaments seems to be 
related to secondary metabolism.
The biowars hypothesis postulates that the production of a 
secondary metabolite can be advantageous to an organism. The formation 
of compounds which reduce die effectiveness of a competitor will enhance 
the survival prospects of the producer. However, biowars does not explain 
how the biosynthetic pathway for such a compound could have evolved. 
Horowitz (1945) proposed die following mechanism for the evolutionary 
development of a biosynthetic pathway. An organism lives in an 
environment which contains the essential molecule, X. The organism 
obtains the molecule from die environment, which in addition to X  
contains the substances Y and Z which in the presence of a catalyst 
(enzyme) are converted to a molecule of X. Biological activity in the 
environment will reduce die concentration of X in die environment to a 
point where it limits the further growth of the organism. At this point a 
mutant which is capable of the reaction Y+Z=X, will have a marked 
selective advantage. As the external supplies of X are further reduced the 
mutant strain will gain a greater selective advantage until the parent strain 
is displaced from the population. Over the course of time, further 
mutations may allow the conversion of odier compounds into the 
substances Y and Z. In such a scenario a biosynthetic pathway would 
evolve.
The above model demonstrates the competitive advantage in 
evolving long biosyndietic pathways in order to take advantage of under 
utilised substrates. The pathways for die production of antibiotics contain 
many non-bioactive intermediates which are converted into a bioactive end
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product. This biosynthetic pathway could not have evolved due to a 
biowars scenario as there would be no competitive advantage in producing 
the intermediates. A detoxification scenario, could possibly evolve under 
such circumstances and these products of detoxification may evolve into 
bioactive molecules. Thus the process and product hypotheses of 
secondary metabolism are not incompatible.
Secondary metabolic pathways are most readily accounted for as the 
products of ‘inventive evolution’, a process in which the random 
generation of a catalytic sequence yields a product that sometimes yields a 
useful function (Wong, 1981). The pathways of secondary metabolism 
represent adaptive extensions of pre-existing primary metabolic apparatus. 
Duplication and mutation of primary metabolic genes produces altered 
proteins that convert primary metabolites to new products that are acted 
upon in turn by enzymes of relaxed specificity recruited from other 
primary roles (Jensen, 1976). These diverted metabolites generate new 
metabolites. If these metabolites perform some useful function 
(detoxification, biowars) that enhances the survival of the organism, then 
the genetic system responsible will become fixed into the genome.
Figure 1.4, Representation of the model proposed by Zahner in his games 
room hypothesis.
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This in essence is Zahner’s (1979) ‘Games Room5 hypothesis, 
where secondary metabolism is an organism^  means of being speculative 
with its synthetic pathways. The problem with this model is that although 
it produces a striking diagram (figure 1.4) we cannot use the theory in any 
predictive sense or use it to design experiments and as such expand our 
knowledge. The less complete models may not fit all the known facts but 
they can be used in a predictive fashion to suggest worthy experiments.
To summarise, the rationale behind secondary metabolism is still 
unclear, but past work and theories have given valuable clues as to the 
workings of this enigmatic process. What does seem clear is that 
secondary metabolism is closely linked to other aspects of the physiology 
of the organism.
Mechanisms Of Control Of Secondary Metabolism And Sporulation
Carbon Catabolite Regulation 
Secondary Metabolism
In many actinomycete fermentations the presence of a rapidly 
utilisable carbon source such as glucose causes apparent 'carbon catabolite 
repression' of secondary metabolism. Examples of this can be observed in 
the production of antibiotics such as actinomycin (Gallo & Katz, 1972), 
candidin and candihexin (Escalante et al., 1982). However, this 
phenomenon is not restricted to glucose. The production of novobiocin by 
Streptomyces niveus is suppressed by citrate, which is favoured over 
glucose as a carbon source in this organism (Kominek, 1972).
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Sporulation
Studies of Streptomyces alboniger (Redshaw et a l, 1976) have 
revealed that the 'glucose repression' of sporulation can be reversed by the 
addition of adenine to the medium. The accumulation of organic acids was 
implicated as playing a role in carbon catabolite repression and suggested 
that the acid accumulation caused by glucose repression led to some form 
of differential glucose toxicity. Work by Surowitz & Pfister (1985) 
showed that pyruvate was die main source of acid accumulation and that 
glucose caused the stimulation of glycolysis but not the citric acid cycle. It 
was demonstrated that the addition of adenine readjusted die balance 
between glycolysis and die citric acid cycle and, as such, suppressed the 
production of pyruvate. The addition of adenine was also observed to 
stimulate aerial mycelium fonnation although the production of mature 
spores was not observed. This suggests diat the early stages of sporulation 
may be subject to glucose repression/toxicity. It has been observed that 
bid mutants of S. coelicolor A3(2) exhibit glucose repressible spore 
formation.
Carbon catabolite repression of inducible catabolic enzymes in E. 
coli involves cyclic adenine 3,5 monophosphate (cAMP) as a positive 
effector. It has been reported that cAMP relieved glucose repression of 
kanamycin production (Satoh et a l, 1976) and that a high tylosin 
producing mutant of Streptomyces fradiae possessed higher levels of 
cAMP than the wild-type.(Colombo et a l, 1982). The evidence for cAMP 
as an effector of carbon catabolite repression in actinomycetes is largely 
circumstantial and it may be that these effects are more closely linked to 
phosphate regulation than to carbon regulation (Martin & Demain, 1980).
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Nitrogen Metabolite Regulation 
Secondary Metabolism
In fermentations where ammonium is supplied in excess, some from 
of'ammonium repression' has been observed. Examples of this can be seen 
in the production of leucomycin (Tanaka et al., 1981), tylosin (Tanaka et 
al., 1986), cephamycin (Castro et al., 1985) and in erythromycin (Flores & 
Sanchez, 1985). How ammonium causes this repression is as yet unclear, 
but in the production of tylosin, ammonium has been shown to interfere in 
the synthesis of precursors by repressing the activities of the two enzymes 
valine dehydrogenase and threonine deaminase (Omura & Tanaka, 1985). 
Studies on cephamycin production have shown that ammonium appeared 
to regulate the pathway in a co-ordinated maimer (Castro etal., 1985).
Enzymes such as glutamine synthetase (GS) play a central role in the 
nitrogen metabolism of actinomycetes and as such these enzymes have 
been implicated by some workers as effectors of ammonium repression 
(Aharonowitz, 1980; Martin & Demain, 1980). Certain studies, however, 
seem to indicate that this is not the case. For example, work by Bascaran 
et al., (1989) showed that GS" and GOGAT- auxotrophic mutants of 
Streptomyces claviligerus still retained ammonium repression of 
cephalosporin synthesis. Flores (1991) reported similar results, in 
Saccharopolyspora erythraea. Mutants where erythromycin production 
was insensitive to ammonium repression had GS levels that were similar 
to the wild-type. It seems likely that, in these cases, secondary metabolism 
was subject to a different control system to that of primary metabolism and 
that the mechanism of this former system has yet to be discovered.
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Phosphate Regulation 
Secondary Metabolism
High phosphate levels have been shown to inhibit the production of 
many antibiotics and antibiotic classes, for example: candicidin (Martin & 
Demain, 1976), vancomycin (Mertz & Doolin, 1973), streptomycin (Miller 
& Walker, 1970) and neomycin (Majimder & Majunder, 1972). 
Consequently the number of mechanisms proposed is large (Reviewed by 
Demain, 1977) and a few of these will be discussed in more detail below.
hi candicidin production, ATP has been postulated as an effector of 
phosphate repression. It was found that the addition of lOmM of 
phosphate to the antibiotic producing cells of S. griseus caused a rapid 
doubling of intracellular ATP immediately prior to the inhibition of 
antibiotic synthesis. During this repression there was only a small increase 
in the cell energy charge. From this work, Martin & Demain (1976) 
proposed a regulatory role for ATP in addition to its function of 
adenylating energy charge in the cell.
Many microbial phosphatases, which cleave phosphorylated 
intermediates, are often regulated via feedback inhibition or repression by 
inorganic phosphate. These enzymes are required in the biosynthetic 
pathways of some antibiotics. For instance, streptomycin biosynthesis 
includes at least three phosphate cleaving steps and it is thought that high 
inorganic phosphate levels interfere with these steps leading to the 
observed repression (Miller & Walker, 1970).
Is Streptomycete Sporulation Induced By Nutrient Limitation?
Work by Coleman & Ensign (1982) demonstrated that the addition 
of caesin hydrolysate prevented the aerial mycelium formation of S. 
viridiochromogenes on minimal media providing that a high concentration
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of phosphate was present. The addition of adenine allowed aerial 
mycelium fonnation to take place but sporulation did not occur. This 
would seem to indicate that development is subject to control by 
nutritional inhibition rather than starvation induction.
It has been suggested by Hodgson (1992) that nutrient exhaustion is 
not the initiating signal for spore formation. The fact that nutrient supply 
does have an effect upon die sporulation process is not questioned but the 
implication that spores are formed in response to nutrient exhaustion alone 
is questioned. The view of Hodgson is diat factors such as age and 
position within the colony are the major factors involved in causing a 
substrate mycelium to form an aerial mycelium. The evidence for this case 
is as follows:
When some Streptomyces spp. are cultivated on rich media and on 
minimal media there is no difference in die time at which sporulation 
occurs. Also, when S. coelicolor A3(2) cells are cultivated on cellophane 
discs and are transferred to a minimal medium, tiiere is also no difference 
in time of sporulation. This observation also holds true if die organism is 
transferred to minimal medium which has been used several times to 
support S. coelicolor growdi. Experiments by Granozzi et al., (1990) 
demonstrated that when colonies are transferred to fresh medium there is 
no alteration in timing of sporulation between transferred and non­
transferred colonies. The observations of Wilderniuth (1970) diat spores 
often germinate in the aerial mycelium is also evidence tiiat nutrient 
limitation is not such an important factor. Thus the life cycle appears to be 
triggered by age radier dian nutrients.
The problem widi most of these experiments is diat tiiey involve 
mycelium fonnation within complete colonies. Accurately measuring 
nutrient concentration and hence nutrient limitation inside a colony is
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extremely difficult. This means that conclusions based on morphology 
being a product of nutrient conditions imposed on a colony must be 
viewed with caution. The observations reported could all be due to the 
conditions in the centre of a colony remaining constant irrespective of the 
medium composition.
Work by Allan & Prosser (1987) employed an elegant experimental 
system consisting of a colony growing on a semi-permeable membrane 
under which fresh nutrients were constantly washed in order to remove 
secreted factors and keep nutrient concentration in excess. The sporulation 
and aerial mycelium formation was observed to be normal with the 
exception that aerial mycelia was produced closer to the edge of the 
colony. This 'early initiation' of aerial mycelium was correlated with the 
greater amount of branching that was evident in the substrate mycelium. 
This implies that it is die extent of substrate mycelium brandling, not 
nutrient limitation, that is the controlling element in aerial mycelium 
formation. Therefore the age and position of the parent hypha appears to 
be die key to die initiation of aerial hypha formation.
A re-examination of microcycle sporulation by Ensign (1988) 
brought die conclusion diat spore formation is not initiated by nutrient 
starvation. However, nutrient conditions did affect aspects of spore 
formation. It was found diat, after germination, microcycle spores will 
sporulate after 26 horns and diat 10-12 hours after germination they were 
committed to sporulate. If the germinated spores were starved before this 
‘commitment5 time, then lysis and cell death occurred. The introduction of 
starvation conditions after this time decreased growth but sporulation still 
took place at time 26 hours. From this Ensign (1988) proposed that die 
organism has a predetermined developmental program diat is initiated 
using defined nutritional conditions. This program can be affected by
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nutrients but the program itself is not responsible for initiating spore 
development.
These observations suggest that sporulation is initiated by factors 
concerned with parent hyphal age and position within the colony. They 
also suggest that at certain stages in die growth cycle a colony may 
become committed to sporulate. With regards to Ensign's suggestion of a 
predetermined developmental program it was pointed out in some of 
Ensign’s work (Kendrick & Ensign, 1983; Koepsel & Ensign, 1984) that 
phosphate and nitrogen limited conditions support sporulation in a liquid 
environment and carbon limited situations do not. It may be that a cell 
does contain a predetermined developmental program but carbon 
limitation will not support it. It is difficult to determine which factors are 
responsible for sporulation in liquid culture. The majority of Streptomyces 
species do not sporulate in liquid culture and tiiis could be a consequence 
of some necessary factor being absent from the medium or is due to 
something present that is stopping sporulation. As mentioned previously 
the formation of spores requires the production of specific hyphal forms 
(aerial hyphae) and these may not be produced in a liquid culture 
environment. It is the suggestion of Hodgson (communication in Viva) 
that nutrient limitation may induce sporulation by replacing the true signal 
and circumvents the necessity to form specific hyphal morphologies in 
liquid culture.
Stringent Response
hi poor growth conditions bacteria lack sufficient amino acids to 
sustain protein synthesis and, therefore, cease a wide range of metabolic 
activities. This effect is known as the 'stringent response'. This can be 
viewed as a microbial mechanism for surviving hard times whereby an
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organism husbands its resources by undergoing only die minimum of 
metabolic activity until conditions improve (Lamond & Travers, 1985).
The stringent response is classically demonstrated by amino acid 
starvation. When an organism is transferred from a casamino acid 
containing medium to a non-casamino acid containing medium (a 
nutritional downshift) a higher proportion of uncharged tRNA (tRNA) to 
charged tRNA (aminoacyl tRNA or aatRNA) results, due to die low 
availability of amino acids. This means that uncharged tRNA is able to 
react with die 'A' site of the 70s ribosomal subunit in what is termed as the 
'idling reaction' to initiate production of pppGpp or magic spot (Figure 1.5) 
by pppGpp synthetase.
CA’ site
mRNA + tRNA + GTP  ► pppGpp
pppGpp synthetase
Figure 1.5, The basic components required for the production of ppGpp in 
the idling reaction. The 'A' site holds the mRNA and the tRNA. pppGpp synthetase 
catalyses the reaction.
Many effects have been attributed to ppGpp, but of these, two 
appear to be of prime importance. Firstly ppGpp reacts with the RNA 
polymerase holoenzyme and alters its specificity for rRNA promoters, 
prevents the production of rRNA and hence ribosomes and this causes a 
reduction in total protein synthesis. The second effect attributed to ppGpp 
is a reduction in the elongation phase of transcription. In this phenomenon 
ppGpp is implicated in an increase in the 'pausing' of transcription 
enzymes and as such is responsible for a general reduction in transcription 
efficiency. The exact roles of ppGpp are unclear but it seems extremely
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likely that this pausing of transcription enzymes is increased on certain 
genes (Cashed, 1975; Gallant, 1979; Riesenberg et al., 1984).
G Factor ^
GTPase GTP hydrolysis
Y /  * n n p
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/os nuosome r ftjUi
A.
Thiostrepton
Figure 1.6, The point of action of thiostrepton. This antibiotic specifically 
prevents the GTPase of the 50s ribosomal subunit from hydrolysing GTP into GDP or 
pppGpp as happens in the stringent response.
The components involved in ppGpp production have been identified 
through mutations that eliminate the stringent response. These mutants are 
known as 'relaxed mutants' (rel) and exhibit no reduction in stable RNA 
synthesis or any other reactions comprising the stringent response.
Some rel mutants are identified by their resistance to thiostrepton 
(Figure 1.6) and thiopeptin (sulphur containing cyclic polypeptides). These 
antibiotics act on the 70s ribosome and specifically inhibit the GTPase 
activity of die 50s subunit. The inhibition of the GTPase site prevents the 
hydrolysis of GTP and stops peptide chain elongation as there is no 
energy available to move the peptide chain from the tRNA on the 'P' site to 
the aatRNA on the 'A' site. Thus rel mutants must have a slightly different 
GTPase site that is not sensitive to thiostrepton but in being different, does 
not initiate die stringent response.
The mutants most commonly associated witii the stringent response 
are relA, relC and spoil The relA mutant affects [p]ppGpp syndietase 1, 
otherwise known as the stringent factor (Takano et al., 1991). In relC 
mutants the ribosomal protein LI 1, is altered, preventing ppGpp formation
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by the ppGpp synthetase (Takano et al., 1991). Mutations in the spoT 
gene affect the major cellular ppGppase and so result in defective ppGpp 
degradation.
Mutations in the relA gene result in little or no ppGpp formation 
after amino acid starvation (Takano et al., 1991). In growing cells basal 
levels of ppGpp can be modulated by altering the composition of the 
growth medium, but this most certainly provokes changes hi gene 
expression unrelated to ppGpp levels. The basal ppGpp level has been 
more specifically manipulated using spoT mutants defective in ppGpp 
degradation, often together with a relA or relC mutant (Sarubbi et al., 
1988).
The stringent response has been successfully demonstrated in 
streptomycetes (Ochi, 1986). In an uncharacterised Streptomyces spp. a 
correlation between ppGpp production with secondary metabolism and a 
decrease in GTP with aerial mycelium formation has been drawn (Ochi, 
1986). Ochi (1986) suppressed aerial mycelium development with excess 
nutrients and it was found that the addition of decoyinine, a GMP 
synthesis inhibitor, restored die ability to form an aerial mycelium. The 
addition of decoyinine to a rel mutant also caused aerial mycelium 
formation although diis was delayed and to a lesser extent than in die wild- 
type. Decoyinine also induced the submerged sporulation of S. griseus. 
hi later work Ochi (1987a, 1987b) restored the ability of S. griseus and S. 
antibioticus rel mutants to form aerial hyphae by the addition of 
decoyinine. All of diis seems to indicate that a drop in GTP level is 
responsible for inducing die development of the aerial mycelium. A 
criticism of diis work is that Ochi is adding an antibiotic to cells blocked 
in sporulation on a special medium. In such conditions any antibiotic (not
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just decoyinine) may induce spore formation. As such a correlation 
between a reduction in GTP level and sporulation may be incorrect.
[Phosphate] down 
+  Decoyinine
[Amino Acids] down 
[Glucose] down
Nutrient limitation 
associated with 
membrane function. 
A-factor 
Factor C  
Citrulline
Methionine
whiA
whiG
whiH
Aerial Mycelium
Enzyme
f r Spores
A-factor 
sigma factors? 
AD P ribosylation? 
D N A  methylation? Inhibition
Antibiotics
Figure 1.7, Ochi's Model on the flow of metabolic signals in response to 
nutrient limitation. Symbols in parentheses ( [] ) are represented as concentrations.
Ochi (1988) also demonstrated that a bizcomycin overproducing 
mutant of S. griseofulvus with an enhanced ability to produce aerial 
mycelia, had an increased level of ppGpp and a lower level of GTP than 
the wild-type after a nutritional shiftdown. Ochi summarised the potential 
flow of metabolic signals (Figure 1.7) in response to nutrient limitation and 
tried to show how factors such as metabolic inhibitors (antibiotics) might 
impinge on this process.
Although Ochi's demonstration that ppGpp level might be connected 
to secondary metabolism and that GTP level is possibly connected to 
sporulation is convincing, it could be that we are only looking at the end of 
a long cascade of events of which ppGpp is at the end. In other words, 
sporulation, secondary metabolism and ppGpp induction are caused by 
similar factors and in the case of ppGpp we are seeing the effect rather 
than the cause.
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An additional problem with Ochi’s work is that he is using a relC 
mutant. These mutants are easy to isolate but have many pleiotropic 
effects other than ppGpp loss (Kelly etal., 1991). It is therefore difficult to 
ascertain if the effects on secondary metabolism are due to ppGpp alone. It 
has also been indicated by Strauch et al., (1991) that much of die work 
stating that ppGpp plays an important role in initiating antibiotic 
biosynthesis relies heavily on die isolation of relaxed mutants that are 
deficient in secondary metabolism. With this in mind an approach that 
permits changes in ppGpp level without the production of mutants, or 
severe physiological trauma, may be a better means of elucidating the role 
of ppGpp in the regulation of antibiotic formation.
Some workers have produced evidence that challenges Oclii's work. 
Studies into S. venezuelae (Glazebrook et al., 1990) have shown that 
sporulation was inhibited by the addition of peptone and that this effect 
was not reversed by die addition of decoyinine, even though a fall in GTP 
level was obseived when it was added.
In S. coelicolor A3 (2) a fall in GTP level in the wild-type and in a 
(non-spomlating) relC mutant was observed (Ochi, 1990). This would 
seem to indicate that a fall in GTP content, and hence nutritional control is 
not enough to induce sporulation. Work by Strauch et al., (1991) 
suggested tiiat an increase in ppGpp level in S. coelicolor A3 (2) was not 
enough to induce secondary metabolism. The results of Takano et al., 
(1992) also suggested diat an increase in ppGpp level was not a 
physiological signal for transcription of antibiotic genes in S. coelicolor 
A3 (2).
The fact that a change in GTP and ppGpp level has an effect in some 
Streptomyces spp. but not in others would seem to indicate that these 
molecules are not the messenger molecules, in secondary metabolism and
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sporulation, they were originally thought to be. It has been suggested that 
the effects observed may be due to ppGpp affecting die expression of a 
gene that is developmentally regulated rather than a regulatory gene 
(Hodgson, 1992). Also the transient increase in ppGpp at the end of 
exponential phase and its occurrence in stationary phase could indicate 
that it might be a requirement for the expression of genes involved in 
secondary metabolism (Strauch et al., 1991).
Studies (Rojiani et al., 1989) into tRNA levels in E. coli have shown 
that it is not the concentration of uncharged tRNA that is important in 
initiating ppGpp production but it is the ratio of uncharged to charged 
tRNA that is vital. It may be that die ratios of tRNA have a more 
important role to play in die initiation of secondary metabolism and that 
uncharged tRNA in itself may exhibit some effect upon secondary 
metabolism.
Effectors Of Streptomycetes Sporulation 
Calcium
Calcium ion accumulation has been implicated as a possible switch 
for sporulation (Natsume et al., 1988). The presence of high calcium 
acetate concentrations is found to induce aerial hyphae formation of S. 
ambofaciens while the presence of EGTA , a calcium ion chelating agent 
is found to inhibit aerial mycelium development (Natsume et al, 1988). 
Natsume (1988) was able to classify actinomycetes in terms of those 
which respond to calcium or EGTA or neither.
How calcimn exhibits this effect is unknown but it is tiiought that it 
causes a reduction in the intracellular phosphate level by the formation of 
insoluble calcium phosphate. A decrease in intracellular phosphate has 
been correlated with sporulation and so die effects of calcium may be an
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indirect result of its presence. The fact that not all streptomycetes 
responded to calcium ions would seem to support the conclusion that 
calcium has an indirect effect upon metabolism.
Calcium ions are known to be involved in the regulation of many 
activities of cell machinery. In some streptomycetes an inhibitor of a 
calcium ion dependent ATPase has been found to prevent germination 
(Hirsch & Ensign, 1978), Thus calcium ions may play more subtle roles in 
streptomycetes physiology (Grund & Ensign, 1985).
Potassium
Potassium has wider ranging effects than calcium in bacteria. It has 
been shown that phosphate uptake is potassium dependant in bacteria 
(Keman, 1980). This means that potassimn will have an effect upon 
growth rate and metabolism and both of these may effect sporulation. 
Potassium ions also play a role in maintaining the osmotic pressure of 
bacterial cells, and potassimn uptake has been shown to be triggered by a 
sudden increase in the osmolarity of the medium. Chater (1993) has 
suggested that an osmotic pressure is required to drive the growth of the 
aerial mycelium. He suggested that this is generated by the solubilisation 
of macromolecules. It is possible that potassimn may have a role to play in 
this process. Potassimn has also been implicated in the formation of 
membrane bound polyribosomes and in the stabilisation of ribosomal 
structure. This involvement could suggest a possible role in processes such 
as stringent response or other means of regulating protein synthesis 
(Keman, 1980).
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Antibiotics
Many antibiotics have been implicated in stimulating morphological 
differentiation. Examples of these are pamamycin 607, chloramphenicol, 
lincomycin (McCann & Pogell, 1979), rifamicin (Salas et al., 1985) and 
hormaomycin (Hodgson, 1992). However, only hormaomycin and 
pamamycin have been shown to induce morphological differentiation in 
the producer organism, hi the case of chloramphenicol, lincomycin and 
rifamicin die effect was only seen in non-producers. Most of the 
antibiotics which exhibit diis effect tend to be protein synthesis inhibitors 
with a few affecting syndiesis of DNA, RNA or increasing membrane 
permeability. This suggests that a decrease in growth rate or protein 
syndiesis rate caused by diese antibiotics could be an effective sporulation 
signal.
The behaviour of pamamycin and hormaomycin implicates a 
hormonal function in these molecules. Pamamycin has been shown to 
induce aerial mycelium development in bid mutants (McCann & Pogell, 
1979) and there is evidence to suggest that the antibiotic acts as some form 
of anion transporter in the cell (Kondo et al., 1988). Hormaomycin has 
been found to induce the sporulation of 9% of Streptomyces spp. in a non- 
spomlating medium. Assessing these compounds is difficult and it may be 
that die hormonal functions ascribed to these antibiotics are due to some 
low level toxic effect that is causing nutritional downshift in the host cell 
rather than some signalling property.
A-factor
A-factor was the first streptomycetes sporulation factor to be 
identified and was originally discovered in S. griseus through its ability to 
stimulate antibiotic and spore fonnation in this organism (Khokhlov et al.,
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1967a; 1967b). Since then a number of structurally related molecules 
capable of substituting for A-factor in S. griseus have been isolated in 
other Streptomyces spp. (Sato et al., 1989) and a related factor has also 
been discovered in S. coelicolor A3(2) (Anisova et al., 1984).
A-factor type molecules have been discovered in many 
Streptomyces spp. All of the A-factors so far discovered tend have a 
degree of species specificity and as such the A-factor produced by S. 
griseus will have a reduced effect in S. virginiae. A few analogues of A- 
factor do exist and it has been demonstrated that these will affect more 
than one species to a similar degree. Thus these molecules are structurally 
similar but have subtle differences which makes them unique to each 
species. This has led some workers (Horinouchi & Beppu, 1994) to draw 
an analogy between these molecules and hormones. This analogy however 
may be fortuitous as it is not clear if these compounds are directly 
involved in initiating events or if they are part of a cascade of some other 
regulatory process, hi other words are they part of the wiring or are they 
the_ switch?
It was found diat an afsA mutant of griseus (strain 2247) was 
unable to sporulate, make streptomycin or produce A-factor (Hara & 
Beppu, 1982). However, die ability to produce spores and secondary 
metabolites was restored on the addition of natural or synthetic A-factor 
(Sato et al., 1989).
Two mutants of S. coelicolor A3 (2) were isolated, afsA which did 
not produce A-factor and afsB which did not produce A-factor or
secondary metabolites. However, neidier of these mutants were Bid" and
so A-factor does not seem to be involved in differentiation of S. 
coelicolor. hi S. griseus a low abundance protein (26kDa) was
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discovered which when absent from the organism caused a tenfold 
increase in sporulation and secondary metabolism. This protein was found 
to bind tightly to A-factor. No such A-factor binding protein has so far yet 
been discovered in S. coelicolor (Miyake et al., 1989).
In S. griseus an afsA pseudo-revertant was found which did not 
produce A-factor but did sporulate and produce streptomycin. There was 
also no A-factor binding protein in this mutant. Therefore, it seems that it 
is the A-factor binding protein that suppresses sporulation and secondary 
metabolism and A-factor is produced to neutralise its action. The most 
likely hypothesis (Hara & Beppu, 1982) is that the binding protein 
suppresses the expression of sporulation and secondary metabolism genes 
and that A-factor hi binding to this protein stops this neutralisation from 
taking place. The fact that A-factor production is temporally regulated and 
that the binding protein is in low concentration in comparison with A- 
factor seems to support this. The fact that the binding protein has a very 
high affinity for A-factor would mean that A-factor made in one cell would 
directly affect itself rather than other cells. If this is die case, the analogy 
drawn between A-factor and hormones would hold no credence. Thus A- 
factor may be a part of the wiring involved in initiating spore formation as 
opposed to die switch.
Despite die wide distribution of A-factor among actinomycetes, its 
stimulatory effects on sporulation and production of secondary metabolites 
have only been observed in a few species of Streptomyces and as such 
these findings must be viewed with caution.
Virginiamycin butanolides
Virginiamycin production in S. virginiae has been found to be 
induced by 5 related compounds (Kondo et al., 1989) known as
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virginiamycin butanolides A to E (VB A-E). Substitute compounds have 
been isolated from other Streptomyces spp. (Ohashi et al, 1989) however 
it must be pointed out that these compounds cannot substitute for A-factor 
or vice versa.
To date a binding protein specific for VB-A, VB-B, VB-C and VB- 
D has been identified and like the A-factor binding protein is also in low 
abundance within the cell (Kim et al., 1989).
These compounds affect secondary metabolism only and no effect 
upon morphology has yet been reported. The action of virginiamycin 
butanolides is as yet unknown however evidence of DNA binding activity 
seems to indicate that they regulate gene activity via the action of a VB 
binding protein.
Factor-C
Studies of the non submerged sporulation mutant S. griseus 52-1 
showed that the mutant would sporulate if it was transferred into medium 
that S. griseus wild-type had grown in previously (Szabo et al., 1984; 
Szabo et al., 1988). A 34.5 kDa hydrophobic protein known as factor C 
was isolated and was shown to have a high sporulation induction activity. 
Proteins of similar molecular weight and immunological activity have been 
isolated in other Streptomyces spp. and it has been shown that the S. 
griseus wild-type contains 50 times more factor C than the 52-1 mutant 
strain (Szeszak et al., 1990). A protein of similar immunological activity 
but of 70 kDa has also been isolated in S. coelicolor .
The exact mode of action of factor C is unknown although RNA and 
protein synthesis independent release of potassium ions has been 
demonstrated to be induced by factor C (Szeszak et al., 1989; Vitalis et 
a l, 1991).
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These examples of autoregulators indicate that a variety of diffusible 
factors might play an important role in the regulation of cellular 
differentiation in actinomycetes. A similarity between the functional 
features of these molecules and those of the sex pheromones of fungi and 
yeast’s has also been observed (Horinouchi & Beppu, 1990). Although the 
actinomycetes are prokaryotes their filamentous lifestyle together with 
their differentiated mycelia and spore production implicates them as an 
example of convergent evolution with the fungi. We may also assume that 
convergent evolution is also evident in the presence of diffusible signals in 
the filamentous bacteria which are produced to fulfil the same function as 
in fungi by acting as chemical signals between the cells at a distance in the 
hyphae.
The identification of specific binding proteins for A-factor and the 
virginiamycin butanolides is a possible confirmation of the hormonal 
feature of actinomycete autoregulators. The intracellular localisation of the 
binding proteins (Miyake et al., 1989) and then extremely low abundance 
in the cell resembles the receptor for steroid hormones in the animal cell 
(El-Refai, 1984). So the fact that A-factor causes stimulation of 
transcription from specific promoters suggests a general molecular 
mechanism for die regulatory system (Horinouchi & Beppu, 1990). The 
factors may freely be incorporated into the cell and bound by the binding 
proteins. The proteins may act as repressors, on activators, or specific 
promoter sequences whose activity may be modulated as a consequence of 
binding of the factors, hi die case of A-factor, it is clear that the binding 
protein acts as a repressor type regulator (Miyake et al, 1990).
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Media
For the routine cultivation of the organism (Saccharopolyspora 
erythraea MG 10534) nutrient agar, NA (Oxoid) and nutrient broth, 
NB (Oxoid) was used. The strain was routinely maintained on these 
media and a stock supply of the organism was kept on NA slopes at 
4°C and also in the form of freeze dried spores.
For experimental work however, a series of defined media was 
used as these enabled determination of the uptake of carbon, nitrogen 
and phosphate . These media were specifically formulated such that one 
was nitrogen limited (NI), one was carbon limited (Cl) and one was 
phosphate limited (PI).
’Lf Series Of Media
(Courtesy of G Lethbridge, Shell Research Ltd, Sittingboume, Kent)
The formulation of the 'L Series' of media was as shown below:-
N Ltd C Ltd P Ltd Seed
Glucose g.l' 1 
(BDH,AnalaR)
30 20
i i l i l l l l l
30 30
• • -
KH2PO4 g .l1 
(BDH.AnalaR) 
NaNC>3 g.l"1 
(BDH.AnalaR) 
K2HP04 g.r1 
(Sigma)
3.0 
2.38
7.0
30
11 .12
0.1
1 1 .1 2 . 11 T9. -X 1.1 iw
7.0
MOPS g.1"1 
(Sigma)
- it::: * ♦ H:: i: *14 i:: r::: i: :Ii:: I — . ..... . 21.0 • /
Trace ml.l1 
(see below)
10 10 : 10 i l l lO i i
In the preparation of this medium the glucose must be autoclaved 
separately to the basal media (phosphate and nitrate) to prevent
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caramelisation. The trace element solution must be filter sterilised other 
wise the non sources will come out of solution. The sterile trace and 
sterile glucose is aseptically added to the autoclaved basal medium. 
The medium will typically take on a ‘cloudy’ appearance once the 
components have combined.
Trace Element Solution
MgS04.7H20  (0.25 g.1-1), FeS04.7H20  (0.025 g.F),CuCl2 
(0.00053g.F), CoCl2 (0.00055 g.F), CaCl2.2H20  (0.0138 g.F), ZnCl2 
(0.0104 g.F), MnCl2 (0.0062 g.l-i), Na2Mo04 (0.0003 g.F).
The trace element solution is prepared at a 100 fold 
concentration. The components will all dissolve easily into water 
providing that the MgS04.7H20  and FeS04.7H20  are added last.
Inoculation Regime
To minimise the lag phase, increase the reproducibility and 
reduce carry over effects, the following inoculation regime was 
devised. This protocol was used in the preparation of the organism for 
all shake flask and fermenter work.
Five colonies of approximately 8mm in diameter are taken from a 
plate and are broken up by manipulation with a nichrome loop. This 
material was then placed mto a 250ml baffled flask containing 25ml of 
NB and was grown at 30°C at 240rpm on a shaker platform for 48 
hours.
This material was then used to inoculate a flask containing 25ml 
of the 'L' Series 'Non Limited' medium. This was left at 30°C at 240rpm
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for 24 hours before being used to inoculate the experimental media at a 
concentration of 4% v/v.
This process enabled the organism to adapt to the 'L' Series 
media and thus reduces die lag phase. Also the short period of time 
spent in the non-limited, medium prevented carry over effects due to 
nutrient exhaustion occurring at the inoculation stage.
For fennenter work a high volume of inoculum was required and 
the organism was tiierefore cultivated in 100ml of medium in a 500 ml 
flask. This was kept at 30°C and was stirred with a 'triangular flea' at 
high speed. The use of a triangular flea introduced high shear forces 
into the flask and prevented the formation of pellets.
Fermenter System
Cultures of the organism were carried out in an LH 1000 series 
fennenter widi a 5 litre vessel (3 litre working volume) with top 
mounted probes and impeller shaft. Agitation of the organism was 
carried out at lOOOrpm with a dual set of 'Rushton turbines' on the 
impeller shaft. Extra baffles were not included in the fennenter. Air 
flow was set at 1.5 v/v and dissolved oxygen tension (DOT) was 
detennined with a polagrapliic oxygen electrode (Ingold). This was 
calibrated by flooding the fennenter with nitrogen prior to inoculation 
to give a zero point. The pH of the system was measured using a liquid 
filled Ingold pH probe with a hydrogen reference. However the pH of 
the system was not controlled. Foaming was reduced by addition of 
small doses of antifoam on triggering of the foam probe. Initially 
foaming was a problem in the early stages of the fermentation but this 
was solved by changing the antifoam from a 'Dow Coming' emulsion to
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'Breox FMT30' (Water Management, Gamlen). This was found to be an 
extremely effective antifoam with only small quantities being required 
to eliminate foaming totally.
Stock Strain Maintenance
The stock strains of Saccharopolyspora erythraea, MG10534 
and Streptomyces hygroscopicus were routinely maintained on Tomato 
Juice Agar (TJA) as this was a rich complex mediiun on which a high 
level of aerial mycelial development and spore formation was observed. 
This medium consisted of 20g.l_1 agar technical No 1, 20 g.l"1 tomato 
puree and 20g.H of Milupa' baby food breakfast cereal.
The organisms on these plates were harvested for spores which 
were then kept in liquid nitrogen in a 50% glycerol solution. This 
enabled us to regularly revitalise the stock strain and thus reduced the 
risk of the organism changing through out time due to mutation.
The Saccharopolyspora erythraea, MG10534 (wild-type) was 
obtained from Shell Research Ltd and produces only one antibiotic 
which is erythromycin. The strain of Streptomyces hygroscopicus was 
a wild-type strain kindly donated by Charles Thompson of the Institute 
Pasteur, and is found to produce bialaphos as its only antibiotic.
Assays
The assays presented below describe the principle and problems 
associated with each particular technique. For a more detailed account 
of the assays see Appendix 3'.
Biomass Estimation
Biomass was estimated by dry weight measurement. This was 
done filtering (5ml) of the medium through a Gelman 0.45pm filter. 
Once filtered the biomass was washed three times with RO (Reverse 
Osmosis purified) water so as to remove any debris which remained. 
These filters were then dried in a microwave oven and were desiccated 
for 24 hours before weighing. This test was performed in triplicate so 
as to allow the calculation of the mean and the standard deviation in the 
biomass data. The protocol for this procedure is located in ‘Appendix 
3’ .
Erythromycin / Bialaphos Estimation (Kersey & Fink, 1954)
Concentrations of erythromycin and bialaphos was determined 
by punch plate assay (see ‘Appendix 3’) using Arthrobacter citreus as 
the challenge organism. The challenge organism was grown in NB for 
24 hours before it was added to NA (at 50°C) and poured onto assay 
plates. These plates were cooled at 4°C for 2 hours after which wells 
were cut into the agar using a cork borer. The samples (100ml) were 
pipetted into these wells and the plate was left to incubate at 30°C for 
24 hours after which the well sizes were measured.
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A standard of erythromycin (Sigma) in the range 0- 100pg mH 
was included on each plate and for constructing a standard curve from 
which the levels of erythromycin in our samples was calculated.
In the case of bialaphos estimation we again used erythromycin 
to produce a standard curve on the assay plate as a bialaphos standard 
was not available. Thus die activity of the bialaphos in our 
fermentations was expressed as equivalent activity in erythromycin.
The samples and standards were performed in triplicate so as to 
reduce the level of errors.
Glucose Assay (Trinder, 1969)
This was determined on the culture supernatant using a glucose 
(Trinder) reagent for the enzymatic determination of glucose (Sigma).
The principle of this assay (procedure in ‘Appendix 3’) 
demonstrated in figure 3.1, is the enzymic conversion of glucose to 
gluconic acid and hydrogen peroxide. The hydrogen peroxide liberated 
is then used to produce a quinoneimine dye by the action of a 
peroxidase enzyme.
Glucose Oxidase
Glucose + H20  + 0 2 ►  Gluconic Acid + H20 2
H20 2 + 4-Aminoantipyrene + p-Hydroxybenzene Sulfonate
Peroxidase
 ►  Quinoneimine Dye + H20
Figure 3.1, The chemical reactions involved in the conversion of 
substrate glucose into a dye that can be assayed by absorbance.
Thus this assay converts glucose into hydrogen peroxide which 
is used to produce a dye that can be measured by absorbance at
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505nm. The test is accurate in a glucose range of 0.1 to 2g.H and as 
such all samples are diluted in RO water to bring the substrate glucose 
concentration within this range. The concentration of glucose was 
calculated by comparing the absorbance of samples against that of a 
standard curve in tire range of 0.1 to 1 g.H(Sigma).
Macromolecular Synthesis Rates (In Vivo Measurement)
(Modification of a method by Granozzi et al., 1990)
The macromolecular synthesis rate (MMS) was determined by 
measuring the rate at which radiolabelled precursors were incorporated 
into a micro-organism over a period of time. The method presented 
here is an extensive modification of that used by Victoria Bascaran in 
this laboratory. The protocol and the exact concentrations of radiolabel 
and stock solutions can be found in appendix 3.
A harvest of Sacc. erythraea was taken from a fermenter (15ml) 
and to this the radiolabel was added. The radiolabel used differs for 
each macromolecular' synthesis rate measured. For the rate of synthesis 
of protein leucine was used, for DNA, thymine and for RNA, uracil.
The 15ml of culture was placed in a 250ml flask containing the 
radiolabel and was incubated at 30°C for 25 minutes in a shaking water 
bath. Every 5 minutes a 1 ml sample was taken (samples in duplicate). 
This sample was placed in 5ml of ice-cold 10% trichloroacetic acid 
(TCA) to stop incorporation.
After 25 minutes die samples collected were separately filtered 
onto glass microfibre filters (Whatman GF/F) and were washed twice 
with ice-cold 5% TCA. These filters were dien allowed to dry before 
they were transferred to vials. To each vial 4ml of scintillation fluid
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was added (Optiphase Safe, LKB Liquid Scintillation Products) and the 
radioactivity estimated in a scintillation counter (Wallac 1410, 'Easy 
Count' program). From this data a line indicating the rate of radiolabel 
incorporation can be drawn and hence the rate of synthesis of protein, 
DNA or RNA can be calculated.
Nitrate Assay (Beutler & Wurst,1986)
Medium nitrate concentration was determined by using the 
Boehringer Mannheim nitrate assay kit. All test samples were 
performed in duplicate.
■xt:/..,,* ,, I "VT A TYTITT l TT+ NRNitrate + NADPH + H W1 Nitrate + NADP4 + H20
Figure 3.2, The chemical reactions involved in the measurement of 
substrate nitrate.
The principle of this assay is presented in figure 3.2 and the 
protocol is available in ‘Appendix 3’ . Nitrate is reduced by 
nicotinamide adenine dinucleotide phosphate (NADPH) to nitrite in the 
presence of the enzyme nitrate reductase (NR). The decrease in 
NADPH can be measured by means of absorbance.
Phosphate Assay (Fiske & SubbaRow,1925)
It should be noted that due to the sensitivity of this assay, 
plasticware should be used in preference to glassware so as to reduce 
interference caused by the washing of some glassware in phosphate 
based detergents. The principle of this assay is that phosphate ions in 
an acid solution react with ammonium molybdate (Figure 3.3) to
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P043' + I2M0O42' + 3NH4+ + 241+
 > (NH4)3P04.12Mo03 + 12H20
Figure 3.3, The reaction between phosphate and molybdate to produce a 
coloured precipitate.
produce a crystalline yellow precipitate of ammonium 
phosphomolybdate. The reagent used in this assay was a mix of AnalaR 
acetone, 2.5M sulphuric acid (BDH) and ammonium molybdate 
(12.359 g.H, Sigma) in the ratio of 2:1:1 (AAM).
Samples were diluted 100 fold in RO water and a 500ml aliquot 
was placed in a bijou. To this 500pl of AAM reagent was added and 
the solution was mixed thoroughly. The reaction was stopped by the 
addition of 500pi of 1M citric acid solution. The assay was also 
performed on a standard curve of range 0-100mg ml"1. The solution 
was read for absorbance 355nm and from this the phosphate content of 
the medium can be calculated (see ‘Appendix 3’ for the protocol).
Protein Assay (Bradford) (Bradford, 1976).
This assay (see ‘Appendix 3’ for the protocol) is based on the 
reaction between protein and coomassie blue. The binding of protein to 
'Coomassie Brilliant Blue G-250' causes a shift in the absorption 
spectrum of Coomassie Blue from 465nm to 595nm and it is the 
absorption at 595nm that is used to assay the concentration of protein.
Samples of biomass (1ml) were boiled in 0.15M NaCI for 40 
minutes and are then allowed to cool to room temperature. To this 5ml 
of reagent (0.01% w/v Coomassie Blue, 4.7% w/v ethanol and 85% 
w/v phosphoric acid) was added and the mixture was vortexed. After
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20 minutes the solution was read for absorbance at 595nm against a 
reagent blank. The assay was also performed on an albumin standard 
curve in the range of 10-lOOmg mH. From this die concentration of 
intracellular protein in equivalent units of albumin can be calculated.
Interference in this assay occurs if detergents are present on the 
glassware. Therefore, die use of plasticware alone in this test is 
advisable.
Spore Assays
The presence of spores within a liquid culture system is 
determined by the use of some factor to which the spores are resistant 
but the hyphae are sensitive. On this basis two assays were used which 
were based on eidier spore resistance to lysozyme digestion or 
resistance to ultrasonic disruption.
Lysozyme Digestion Spore Assay (Koepsel & Ensign, 1984)
The protocol for this assay is presented in ‘Appendix 3’ , but an 
outline of die method is as follows. A sample of biomass from the 
fennenter was diluted 1:10 in lOmM Tris/HCl buffer (pH 7.0, Sigma). 
To diis 50mg of lysozyme (Grade 1, Sigma) was added for 50 minutes 
at 37°C. The solution was plated out in a dilution series on NA for 48 
hours at 30°C before die plates were counted. These counts were then 
compared widi the counts of untreated material to give an estimate on 
die spore concentration.
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Ultrasonic Disruption Spore Assay (Daza et al., 1989)
A sample of biomass from the fermenter was diluted 1:10 in 
lOmM Tris/HCl buffer (pH 7.0, Sigma). 1ml samples are aliquoted into 
sterile eppendorf tubes and sonicated for 3 x 30 seconds (in ice) at 
intensity 3 with die microprobe of a sonicater (Heat Systems XL). 
Plates of serial dilutions of treated and untreated material on NA were 
made. These were incubated for 48 horns at 30°C before counting. The 
difference in the treated and untreated counts provides the 
concentration of spores. The protocol for this technique is presented in 
‘Appendix 3’ .
Total Carbohydrate (Phenol /  Sulphuric Acid) Assay (Dubois et a l , 
1956)
Carbohydrates are hydrolysed by phenol (Figure 3.4) to produce 
monosaccharides which are then dehydrated by die addition of 
concentrated sulphuric acid to produce a coloured furfural.
To 2ml of biomass (in a glass tube), in a fume cupboard 0.5ml of 
80% phenol was added and 5ml of H2SO4 was added rapidly before 
leaving
phenol ILSO4
(C6H12Os)x + H20  ------ ►  XC6H120 6  ►  C6H60 3 + 3H20
Figure 3.4, The reactions involved in the conversion of carbohydrate to a 
coloured furfural precipitate through the action of phenol and sulphuric acid.
to stand for 10 minutes. This solution was dien placed in a water bath 
at 30°C for 20 minutes after which the absorbance was read at 490nm.
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The test was also performed on a glucose standard of range 0 to 1 g.H. 
The protocol for this assay is presented in ‘Appendix 3’ .
Total DNA (Burton, 1956)
This test is based on the production of a coloured compound 
when DNA reacts with diphenylamine. The nature of the compound 
produced and the nature of the reaction between the two molecules is 
unknown (see ‘Appendix 3’ for protocol).
DNA was extracted from lg of biomass by heating the biomass 
in 10ml of 0.5N perchloric acid at 70°C for 15 minutes. The DNA 
extracted into the perchloric acid was then used in the assay. To 1ml of 
test solution we add 2ml of diphenylamine reagent (1.5g diphenylamine 
(99%) in 100ml glacial acetic acid + 1.5ml concentrated H2SO4 + 
0.5ml acetaldehyde (1.6%)). This was left for 17 horns at 30°C and the 
absorbance at 600nm was read. The test was also performed on a 
deoxyribose standard in the range 0.2 to 0.02mM.
Total RNA (Webb & Levy, 1958))
RNA was extracted from lg of biomass by heating the biomass 
in 10ml of 0.5N perchloric acid at 70°C for 15 minutes. The RNA 
extracted into the perchloric acid was then used in the assay (see 
‘Appendix 3’ for the protocol). 2ml of sample was added to 2ml of 
orcinol reagent (10ml of 1% w/v orcinol + 40ml of 0.1% FeCl3 in 
concentrated HC1). This was heated at 100°C for 15 minutes and then 
was allowed to cool to room temperature. Once cool 11ml of n-butanol 
was added and the absorbance at 640nm was read. A standard of RNA 
(range 0-500 mg ml"1) was also tested.
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tRNA Assay
( In Vivo Aminoacylation Of tRNA To Give The Levels Of 
Charged And Uncharged tRNA) (Modification of Andrulis & Arfin, 
1979)
The protocol for this assay is presented in ‘Appendix 3’ but the 
principle of this test is as follows. Two samples of biomass (5ml) are 
taken from the fennenter and to both radiolabelled leucine (80ml of H3 
at 16mCi ink1 + 50mM of leucine) was added. The samples are 
incubated at 30°C for 25 minutes and 400pl samples are taken every 5 
minutes and quenched in ice-cold 5% TCA. However one of the 
biomass samples was treated with 100pi of streptomycin sulphate (200 
mg ml’ 1) at time 15 minutes.
When leucine is incorporated (Figure 3.5) it first of all attaches 
to tRNA to make aminoacyl tRNA (aatRNA) and this is then used to 
make protein. Thus in our incorporation we are measuring the pool of 
aminoacyl tRNA in the organism. If we add a protein synthesis 
inhibitor however, such as streptomycin sulphate, we prevent the 
conversion of aatRNA to protein and so all the tRNA in the cell 
becomes labelled. Thus the streptomycin heated sample shows the total 
tRNA level in the cell.
The samples were washed in cold 5% TCA and resuspended in 
700pi of buffer before sonication. After sonication the material was 
treated with phenol:chloroform and the RNA and the protein fraction 
were removed. The RNA fractions was divided and half was treated 
with sodium hydroxide to deacylate the tRNA. All the fractions were
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then resuspended in cold 10% TCA and filtered onto glass microfibre 
discs before scintillation counting.
Streptomycin Sulphate
i
1
XH3 leucine ~ ►  aatRNA - X  ►  Protein
Untreated "►  Labelled aatRNA and protein
Streptomycin treated " ►  Labelled aatRNA only
Figure 3.5, The fate o f radiolabelled leucine in the cell and the 
consequence o f adding a protein synthesis inhibitor during radiolabel incorporation.
The phenol layer counts provided the protein synthesis rate. The 
aqueous layer counts provided the levels of aminoacyl (charged) tRNA 
by subtracting the sodiiun hydroxide sensitive counts from the untreated 
coimts. The resulting figure gave us the level of charged tRNA in the 
case of the 'tRNA' sample and the total level of tRNA in the 'Total 
tRNA' sample.
Ultracentrifugation of Spores On Percoll Density Gradient
This method can be used to separate spores from hyphae. The 
advantage of using Percoll (Pharmacia) is that while the material is 
being separated by centrifugation a density gradient is formed in situ. 
Concentrated hyphal material (including spores) is layered on top of a 
solution of Percoll in 0.25M sucrose containing 0.1% BSA (bovine 
serum albumin) and 0.005M Tris, pH 7.4, density 1.105 g/ml. 
Centrifugation was carried out at 100,000-160,OOOg for 20-30 minutes
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in an angle head rotor. The bands of material are then removed, washed 
and microscopically examined.
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Amino Acid Studies
In the following study the effect of amino acids on growth and 
differentiation of Sacc. erythraea on solid media was investigated. An 
analysis of the effects of various amino acids on the organism was 
considered to be potentially useful in that it might have lead to the 
identification of metabolic events which play some role in triggering 
sporulation of Sacc. erythraea.
Two different strategies were used in the introduction of an amino 
acid to the organism, hi the first instance, an amino acid was included in 
the solid medium preparation allowing the identification of particular 
amino acids that were capable of supporting growth and sporulation of 
Sacc. erythraea. In the second case, an amino acid was added to a non­
amino acid containing medium after the initial growth of the organism on 
that mediiun. The object of this was to identify which amino acids were 
capable of supporting sporulation hi previously non-spore forming 
conditions. This might indicate that the amino acid was overcoming a 
block m spore formation.
Amino Acid Utilisation
To identify which amino acids were capable of supporting the 
growth and sporulation of Sacc. erythraea, the organism was cultivated in 
replidishes (Sterilin) in a media containing different amino acids. Three 
types of media (Figure 4.1) were devised. In one medium the amino acid
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was the sole carbon source, in the second medium it was the sole nitrogen 
source and in the third it was the sole carbon and nitrogen source.
The wells of each replidish were inoculated with 50pl of culture at 
an initial concentration of 3 g.F biomass. The cells were washed in 
Ringers (quarter strength + 0.08% Tween 80) solution prior to inoculation 
to prevent any nutrient carry over from the original growth medium.
The plates were assessed for growth and sporulation over a 14 day 
period. The method of scoring growth relied on visual determination of the 
extent of growth in respective wells and the proportion of mycelia which 
appeared to be sporulating. Colony growth which covered all of a well was 
scored as five while barely visible growth was scored as 1 .
SoleC Sole N Sole C+N Control
Agar g.r1 20 20 20 201
Glucose g.1'1 — 30 “ see base
NaNOjg.r1 11.12 - see base
k h 2po4 g.r' 3.0 3.0 3.0 3.0
k 2h p o 4 g.11 7.0 7.0 7.0 7.0
Trace ml I'1 10 .............. ... 1 0 10
Amino acid g.1'1 25 ZD i l l !
Figure 4.1, Media composition for the amino acids as the sole carbon source 
(sole C), the sole nitrogen source (sole N), the sole carbon and nitrogen source (sole 
C+N) and in the positive control medium.
Two controls were included on each plate. The positive control 
contained the basal medium minus the amino acid and was inoculated with 
the organism. Thus, this control served as a comparison to the wells which 
did contain the amino acid. The negative control also contained the basal 
medium minus the amino acid but was not inoculated. This served as a 
sterility control. The reason for including such a control is that these 
experiments involved a lot of operations on a replidish. The negative
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control acts as a means of confirming that the integrity of the plates has not 
been compromised by a contaminant.
hi all cases the organism exhibited the ability to utilise agar as a 
carbon and nitrogen source evidenced by some growth in the control 
medium (see figures 4.2 to 4.4). It is possible that die organism may have 
also utilised the Tween80 which was present in the inoculum. However, 
the low concentration at which this compound was present would indicate 
that it was unlikely to make a significant nutritional contribution. Although 
die biomass was likely to contain some storage products, due to initial 
cultivation in the growth medium prior to inoculation, it is unlikely that it 
would have contained enough storage material to support visible growth 
on this medium without some external nutritional contribution i.e. 
utilisation of agar or Tween80.
This is an important observation as it implies that the amino acids 
which did not support growth of Sacc. erythraea may be behaving in an 
inhibitory fashion. This result also means that if we are to describe an 
amino acid as having been truly utilised for growth then it must support 
growth greater than that obseived in die positive control.
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Amino Acids As The Sole Nitrogen Source
All the amino acids supported levels of growth greater than that in 
the positive control (figure 4.2) when present as the sole nitrogen
Negative control 
Positive control 
Hydroxy-proline 
Cysteine 
Leucine 
Methionine 
Glycine 
Asparagine 
Glutamine 
Tryptophan 
Cystine 
Aspartic Acid 
Proiine 
Isoleucine 
Arginine 
Glutamic Acid 
Alanine 
Serine 
Histidine 
Tyrosine 
Phenylalanine 
Valine 
Lysine 
Threonine
Relative Growth
Figure 4.2, The relative growth, when an amino acid is the only available 
nitrogen source. Amino acid utilisation is considered to be growth greater than that 
demonstrated in the positive control.
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source. This was not a very surprising result as the first step of amino acid 
catabolism is deamination. This is a relatively simple biochemical process 
and is not affected by the size or complexity of die amino acids it is 
performed upon. What is considered important, in determing which amino 
acids are broken down are the enzymes involved in die process and hence 
the organisation of the metabolic pathways.
The Family Of Amino Acids
Figure 4.3, This diagram represents the members of the three carbon amino 
acid family and shows their route into pyruvate formation and thence to the TCA 
cycle.
Amino Acids As The Sole Carbon Source
The results generated when observing amino acid utilisation when it 
was the sole carbon source were more complex, hi contrast to the previous 
results not all amino acids were capable of supporting growth in this 
situation (figure 4.4). This was probably because the breakdown of an 
amino acids carbon skeleton after its initial deamination is a complex
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Negative control 
Positive control 
Hydroxy-proline 
Cysteine 
Leucine 
Methionine 
Glycine 
Asparagine 
Glutamine 
Tryptophan 
Cystine 
Aspartic Acid 
Proline 
Isoleucine 
Arginine 
Glutamic Acid 
Alanine 
Serine 
Histidine 
Tyrosine 
Phenylalanine 
Lysine 
Threonine
7 . — 1ufAr
7 = 7 7
0 0.5 1.5 2.5 3.5
Relative Growth
Figure 4.4, Relative growth in a medium where an amino acid is the sole 
carbon source. Only growth greater than that in the positive control is taken to be an 
indicator of amino acid utilisation.
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process involving many different biochemical routes of amino acid 
breakdown before the carbon skeleton can enter the TCA cycle.
A careful analysis of the results showed that all the C3 family of 
amino acids (see figure 4.3) supported growth at levels greater than that 
observed in the control. These amino acids were threonine, serine, alanine, 
glycine and cysteine. We could probably include cystine, which also 
supports growth, with this group as it is essentially a dimer of cysteine. All 
of these amino acids are converted to pyruvate once deaminated and thus 
are rapidly assimilated into the TCA cycle. Proline, a C5 amino acid 
(figure 4.5) also supported high levels of growth this could be due to its 
high carbon content plus this amino acid enters the TCA cycle after only 
three 'metabolic steps'.
The ability of most amino acids to support growth as a nitrogen 
source reflects that only a deaminase or transaminase is required. These 
enzymes can be derived from the metabolic pathway for the synthesis of 
the amino acids. The utilisation of amino acids as carbon sources however, 
requires a specific catabolic pathway for each amino acid and not all 
organisms possess all the catabolic pathways. The inability of an organism 
to utilise a particular' amino acid as a carbon source may therefore be due 
to diat route of catabolism being absent. The observation that certain 
amino acids cannot support growth of Sacc. erythraea (see figure 4.4) 
could be due to an absence of the catabolic pathway for that amino acid.
Amino Acids As the Sole Carbon And Nitrogen Source
All of the C3 family of amino acids (including cystine) were utilised 
as the sole carbon and nitrogen source (figure 4.6). As well as this group
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of amino acids, histidine, glutamic acid, arginine, proline and hydroxy- 
proline were utilised. These are all C5 amino acids (figure 4.5) which are 
all ultimately converted into glutamate before deamination to produce a- 
ketoglutarate which then enters the TCA cycle.
The Cg Family Of Amino Acids
The majority of the C5 family and many of the other amino acids which 
supported growth in this medium did not support growth in the 'sole 
carbon' source experiments. Why this should be the case is unclear. 
However, it may be that Sacc. erythraea has a physiology such that 
amino acids which have a low energy return from their catabolic pathway 
cannot be utilised in certain nutritional circumstances.
hi nutritional circumstances when carbon and nitrogen are limiting it 
would seem logical that amino acids with high carbon and nitrogen 
contents would support higher levels of growth than other amino acids. 
With this in mind we would expect the C5 amino acids to support higher 
levels of growth than the C3 amino acids. However, the results show 
(figure 4.6) that this is not always the case. All catabolic pathways
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Negative control 
Positive control 
Hydroxy-proline 
Cysteine 
Leucine 
Methionine 
Glycine 
Asparagine 
Glutamine 
Tryptophan 
Cystine 
Aspartic Acid 
Proline 
Isoleucine 
Arginine 
Glutamic Acid 
Alanine 
Serine 
Histidine 
Tyrosine 
Phenylalanine 
Valine 
Lysine 
Threonine
Relative Growth
Figure 4.6, Amino acids capable of supporting growth when the amino acid is the 
sole carbon and nitrogen source. Growth is taken to be greater than that demonstrated 
in the positive control.
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produce energy. However, the energy return from the degradation of an 
amino acid may be a more important factor in determining whether it can 
support growth rather than its carbon and nitrogen content.
The amino acids tyrosine and tryptophan do not support growth in 
conditions where they are die sole carbon source or the sole carbon and 
nitrogen source (figure 4.4 & figure 4.6). Thus it would appear that the 
catabolic pathway for these amino acids is absent in Sacc. erythraea. Thus 
Sacc. erythraea appears able to catabolise most amino acids. However, 
these experiments demonstrate that certain amino acids will be catabolised 
only in certain circumstances. For example most amino acids will be 
catabolised in die ‘sole C+N’ medium but some are not catabolised if they 
are in the ‘sole C’ medium e.g. leucine, mediionine and isoleucine. This 
could possibly be due to glucose repression of these pathways. Sacc. 
erythraea is a soil organism and as such as evolved to survive in nitrogen 
and /or phosphate limited environment. This could also explain why the 
organism is able to utilise a greater range of amino acids in the ‘sole C+N’ 
medimn dian hi the ‘sole C’ medium.
Sporulation In All Three Media
The amino acids cysteine, proline, alanine and threonine supported 
sporulation (figure 4.7) when present as the sole carbon and nitrogen 
source. All of these amino acids supported growdi in the three different 
types of media but supported sporulation only in the 'sole C+N' medium 
and also gave high levels of growth in tlii§ medium. Why sporulation
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1 2 3
Extent of Sporulation
Figure 4.7, Amino acids capable of supporting spore formation. It must be noted 
that this only occurred when the amino acid was the sole carbon and nitrogen source.
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should occur only in the ‘sole C+N’ medium and only with specific amino 
acids is unclear. It is possible that the presence of glucose or nitrate in the 
medium prevents sporulation. Another possibility is that glucose causes 
acidogenic poisoning which is prevented by amino acids which are 
alkalinogenic. hr other words the effects we observe are due purely to pH 
changes resulting from amino acid assimilation. This is however a general 
model for die effects of amino acids and does not adequately explain why 
specific amino acids have different effects. It is suggested that because 
sporulation is supported only by certain amino acids an attempt at inducing 
sporulation by the addition of amino acids to Sacc. erythraea growing on 
nutrient agar (NA) would be a valuable experiment.
Modulation Of Sporulation By Amino Acids
In these experiments the organism was grown as a lawn in an assay 
plate on nutrient agar. Once the lawn achieved confluence, wells were cut 
into the agar and lOOpl of an amino acid (25g.H) was introduced into the 
well. These plates were then examined for the appearance of sporulation 
over a 14 day period.
In die previous experiments utilisation of a particular amino acid and 
effects of utilisation causing sporulation were studied. However, in these 
experiments the effect of overloading the organisms metabolic pool of a 
particular amino acid was under study.
The amino acids which supported sporulation in this experiment 
(figure 4.8) were different to those in the previous experiment with the 
exception of proline. The only similarity between all of the amino acids 
which supported sporulation is that diey are linked with glutamate in their 
synthesis although this link could be argued to be remote in the cases of 
asparagine and isoleucine. These experiments have shown that spores are
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Negative control 
Positive control 
Hydroxy-proline 
Cysteine 
Leucine 
Methionine 
Glycine 
Asparagine 
Glutamine 
Tryptophan 
Cystine 
Aspartic Acid 
Proline 
Isoleucine 
Arginine 
Glutamic Acid 
Alanine 
Serine 
Histidine 
Tyrosine 
Phenylalanine 
Valine 
Lysine
Extent Of Sporulation
Figure 4.8, Amino acids capable of inducing sporulation when they are added 
to the organism whilst growing vegetatively on a medium which does not normally 
support sporulation.
72
formed only in the presence of certain amino acids. Why this should be is 
not clear. However, die following ideas are presented as possible 
explanations. Firstly, certain amino acids directly induce spore formation. 
If this is the case we would expect the amino acids that support sporulation 
in the ‘induction’ experiments (figure 4.8) to also support sporulation on 
the ‘sole C+N’ medium (figure 4.7) and this is not the case. Secondly the 
media used in all of the experiments may contain materials that suppress 
sporulation or are lacking materials necessary for spore fonnation. This 
block may in some way be circumvented by specific amino acids. The 
medium used in the ‘induction’ experiments and in the ‘utilisation’ 
experiments was different and this may explain why the amino acids that 
support sporulation in these two experiments are also different. In 
conclusion, it is not clear why certain amino acids are able to support 
spore formation and a greater amount needs to be known about the genes 
and physiological processes involved in sporulation before a reason can be 
given.
Summary
The phenomenon of amino acid metabolism causing some affect 
upon the control of metabolism is not without precedent. It has been 
previously demonstrated that certain amino acids can have gross effects on 
metabolism wherein they can illicit a positive feedback response that 
causes an increase in their uptake and metabolism (Gross & Heinz, 1970). 
Methionine has been demonstrated to be an absolute requirement for 
sporulation of Arg- mutants of S. fradiae (Vargha et al., 1986). Also under 
specific conditions, certain amino acids have been shown to exhibit 
reversible repression on sporulation (Coleman & Ensign, 1982). Certain
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intermediaries of amino acid metabolism have also been implicated in 
having some role to play in the regulation of sporulation and secondary 
metabolism. It may be that some of these effects are a result of some 
secondary response to the amino acids or the amino acids causing 
feedback inhibition of some pathways which could result in an apparent 
nutrient exhaustion that triggers sporulation or amino acids cause changes 
in pH that favour spore formation. At present we do not know why sporulation 
occurs when a certain amino acid is present and we will not be able to 
answer this question adequately till we are able to determine why the 
organism will not sporulate on the other media.
In reference to the utilisation experiments die ability of an amino 
acid to support growth is dependent upon the nutrient conditions and the 
presence of the catabolic pathway. All the amino acids studied could be 
utilised as a nitrogen source. However, this process does not require a 
catabolic pathway as the necessary enzymes (deaminase or transaminase) 
can be derived from the amino acids route of metabolism. In the case of 
amino acid utilisation as a carbon or as a combined carbon and nitrogen 
source a catabolic pathway is required and not all organisms possess a 
route of catabolism for all amino acids. In Sacc. erythraea it appears that 
even if this catabolic pathway is present it will not be utilised under certain 
nutritional conditions.
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Effects of Different Growth Limiting Nutrients on Sporulation.
It has been previously demonstrated (Kendrick & Ensign, 1983) that 
conditions of nutrient limitation and in particular, nitrogen and phosphate 
limitation support the sporulation of S. griseus in liquid culture. This type 
of limitation can also act as a signal for secondary metabolism and thus 
there may be a link between these two processes even though spore 
formation and secondary metabolite production can occur independently 
(Adamidis et al., 1990). The effects of nutrient limitation upon submerged 
sporulation is the subject of much debate. It could be that nutrient 
limitation is directly inducing spore formation or the effect could be a 
result of die removal of repressive effects of growth in liquid culture.
These organisms do appear to form spores whilst in particular 
physiological states. However, physiological studies have been hampered 
by die inability of most streptomycetes to sporulate in a liquid culture 
environment. This may be due in a large part to the lack of suitable liquid 
media for producing specific types of limitation to induce spore formation 
or diat a liquid culture environment prevents die formation of certain 
hyphal morphologies which may be essential for sporulation or that the 
conditions necessary for sporulation cannot be maintained in liquid culture. 
Other factors involved may be changes in pH or compensations made by 
the absence of cell drying in liquid conditions.
The following experiments had the object of inducing sporulation of 
Saccharopolyspora erythraea in a liquid environment by the use of a 
defined medium that causes either carbon, nitrogen or phosphate limitation 
(see Materials and Methods).
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Spore assays were performed by the exposure of hyphae harvested 
from a fermenter at various times to some form of stress to which only 
spores are tolerant. Plate counts of treated and untreated material were 
then made. In this case the resistance of spores to ultrasonic vibration 
(Daza et al., 1989) and lysozyme degradation (Koepsel and Ensign, 1984) 
was used (see Materials and Methods or Appendix 3).
The experiments took the form of a fermenter time course study 
where the parameters of biomass, substrate glucose concentration, 
substrate nitrate, substrate phosphate, erythromycin, sonic resistance, 
lysozyme resistance, pH and dissolved oxygen tension (DOT) were 
measured (see Appendix 3 for the protocols).
Effectiveness Of Spore Assays
Before the experiments were carried out the effectiveness of the two 
spore assays was tested. This was done by performing the spore assays on 
a pure spore preparation derived from agar plates, a pure hyphal 
preparation derived from exponentially glowing culture in nutrient broth 
and a 1:1 mix of spores and hyphae.
Lysozyme Resistance
In figure 5,01 the results for the lysozyme resistance technique are 
shown. In diis experiment spores, hyphae and a spore/hyphal mix were 
exposed to different time periods of lysozyme degradation. These samples 
were then plated out to give an indication of the survival of each cell type 
at different exposure times. Thus a kill curve had been devised for each 
morphological fraction.
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Spores were the most resistant to lysozyme degradation and require 
at least a twenty minute period of exposure before any significant effect 
was observed (figure 5.01). However, continued exposure does not appear 
to be lethal and this may be due to a number of reasons. The observed 
drop in viability may have been due to the lysozyme affecting only 
immature spores but not the fully mature spores. Alternatively there may 
not have been enough enzyme present to degrade all the spores in the 
sample.
x1e6
Figure 5.01, The viability o f spores, hyphae and a spore/hyphal mix when 
exposed to different times o f lysozyme degradation. CFU - Colony Forming Units.
The hyphal preparation was completely degraded after 30 to 40 
minutes of exposure and this indicated that spores were indeed resistant to 
this form of attack.
In the spore/hyphal mix there was an initial drop in viability which 
levelled off after 30 minutes. This could have been due to the initial 
destruction of the hyphal fraction in the first 30 minutes after which we 
had sustained viability because of the continued survival of the spore 
fraction.
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This is, therefore, an effective method of destroying hyphae. 
However, the exposure time required to do this also resulted in some loss 
in spore viability. This slight drop may have been due to the presence of 
immature (lysozyme sensitive) spores or may have been due to an 
inadequate concentration of lysozyme to cause total spore inactivation. If 
this is the case the concentration of biomass in relation to the 
concentration of lysozyme was a significant factor in this assay.
Sonic Resistance
In this experiment the resistance of spores, hyphae and a 
spore/hyphal mix was tested for resistance to ultrasonic disruption at 
various exposure times (figure 5.02).
As in the lysozyme resistance experiment, spores were the most 
resistant structure requiring at least a 3 minute exposure time before a 
decrease in viability was observed. The hyphal preparation, however, was 
completely non-viable after an exposure of two minutes. Therefore, a 
method of killing hyphae with little or no loss in spore viability had been 
developed.
x lc 6
Figure 5.02, Viability of spores, hyphae and a spore/hyphal mix at various 
exposure times to ultrasonic disruption. CFU-Colony Forming Units.
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In the spore/hyphal mixture there was a continuous drop in viability 
due to the death of the hyphal component and die spore component. This 
was confirmed by microscopic examination and separation of the spores 
from die hyphae by ultracentrifugation in ’Percol' followed by viability 
plate counts. The level of viability after 3 minutes of treatment was almost 
identical to the concentration of spores initially added to the mixture.
After 10 minutes of exposure, spores and hyphae were all 
inactivated. This technique seemed to be more quantitative than the 
lysozyme method as little or no loss in spore viability took place at 
exposure levels which killed all hyphae.
Resistance to ultrasonication is a function of cell size. The smaller 
the cell the greater the resistance. Therefore the protocol described here 
will select for hyphal cell types which are similar in size to spores. This is 
also true for the separation of spores by centrifugation in Percol. With this 
in mind an assay for spores would have to use other criteria as well as 
sonic resistance or ultracentrifugation, such as lysozyme resistance. The 
use of scanning electron microscopy has been used to identify spores 
(Koepsel & Ensign, 1984) through the observation of characteristic surface 
architecture associated with spores from particular Streptomyces spp. 
However, such architecture has not been identified in Sacc. erythraea and 
so a combination of sonic and lysozyme resistance will be used to detect 
the presence of spores.
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Nitrogen Limited Culture
It was possible to identify in the Sacc. erythraea batch culture, 
three basic phases (figure 5.1) which correspond to classical 'growth 
phase', 'stationary phase' and 'lytic phase'. In the growth phase (0 to 24 
hours) a rapid increase in biomass concentration coincided with the 
decrease in the 'growth limiting substrate' (gls) concentration, which in this 
case was nitrate (figure 5.2).
Biomass 
-+- Erythromycin
Figure 5.1, Profiles of biomass and erythromycin production throughout a 
nitrogen limited (nitrate) culture
Time (hours)
During this period of rapid growth there was an increase in the pH (figure 
5.4) and this was probably due to the removal of nitrate from the medium. 
The growth rate and increase in biomass was also reflected in the 
reduction of the DOT of the medium (figure 5.4).
This period of 'true growth' was terminated due to the progressive 
exhaustion of nitrate in the medium. This resulted in a decrease in growth 
rate until the nitrate supply was exhausted and growth ceased at about 30
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hours (figure 5.1 & 5.2). However, although the nitrate supply was 
exhausted there was still glucose available (figure 5.2). Thus this medium 
was indeed nitrogen limited.
Figure 5.2, Decrease in substrate glucose and nitrate concentration 
throughout a nitrogen limited (nitrate) culture.
At approximately 50 hours a period of little or no growth occurred 
(stationary phase), presumably due to the exhaustion of nitrate from the 
medium. Some increase in biomass was possible at this stage of the Sacc. 
erythraea culture. It is thought (Martin & Demain, 1980) that the 
observed increase in biomass concentration is a result of the accumulation 
of storage products, such as glycogen rather than the production of new 
hyphae. When growth is limited by the depletion of the growth limiting 
substrate glycogen storage occurs (Chater, 1993) and this storage may also 
occur as a consequence of a reduction in growth rate due to nutrient 
limitation or the accumulation of inhibitory waste products (Chater, 1993).
The fall in medium pH at this stage was correlated to the uptake of 
glucose and in S. coelicolor cultures a similar drop in pH has been shown
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to be due to the secretion of organic acids into the medium (Hobbs et al., 
1992). Thus this is probably the case in Sacc. erythraea.
If we consider the spore assay data, (figure 5.3) there was an 
apparent difference between the results from the lysozyme digestion and 
the ultrasonic disruption techniques. The data from the lysozyme digestion, 
showed zero viability of hyphae and spores following the lysozyme 
treatment. The results from the ultrasonication however, revealed the 
presence of sonic resistant units, i.e. spores, after about 67 hours of the 
culture (figure 5.3).
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Figure 5.3, The points at which sporulation (indicated by sonic resistance) 
takes place in a nitrogen limited (nitrate) culture. Sonic Resistance is in terms o f the 
log o f the Colony Forming Units (CFU).
The positive result from die ultrasonication technique could be 
explained in a number of ways. Firstly, it may be possible that the high 
concentration of material present was causing some sort of 'cushioning' 
effect that reduced die potency of the ultrasound. However the 
concentrations of material present at 67 hours was identical to those 
observed at 47 hours of growth, yet no sonic resistance was seen at this
L
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stage of the culture. Thus this explanation seems unlikely. Material 
harvested at 67 hours was examined under E M  for die presence of spores. 
The harvest was treated by ultracentrifugation in 'Percoll' (Pharmacia) to 
separate spores from hyphae (see Materials and Methods). This 
demonstrated that spore like structure are present at 67 hours and plating 
out of diis material confirmed that they are viable. The structures observed 
under S E M  were similar to the spores observed by Riciova (1982) in a 
taxonomic study of the reference strain. The spore assays essentially use 
criteria which select for small cells i.e. sonic resistance, separation in 
percoll and electron microscopy. W e  cannot confirm tiiat die structures w e  
have observed are definitely spores without testing for some further 
property that is specific to spores. For example, the observation of spore 
architecture (which is not a possibility in this organism) or detection of 
proteins/materials that are peculiar to spores, hi the absence of such data 
w e  cannot confirm that the structures are spores or if they are a small form 
of hyphae produced at a certain stage of die culture. For simplicity these 
structures will be referred to as ‘sonic resistant units’.
The observations could imply that the cultivation of the organism 
within a liquid environment caused the development of a 'spore' which had 
the aerial spore characteristic of resistance to ultrasonic disruption but not 
its ability to resist lysozyme digestion. This has been suggested and, in 
part, confirmed by Kendrick and Ensign (1983) w h o  studied the 
submerged sporulation of a number of S t r e p t o m y c e s  species. Their work 
demonstrated that the submerged spores of S .  g r i s e u s  exhibited the sonic 
resistant properties but not the lysozyme resistance of aerial spores. This 
work also demonstrated diat these spores contained proteins which are
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commonly associated with aerial spores and vegetative hyphae. Thus these 
spores appear to be halfway between both hyphal types.
Figure 5.4, DOT and pH profiles throughout a nitrogen limited (nitrate)
culture
Studies of microcycle sporulation of S .  v i r i d i o c h r o m o g e n e s  
(Koepsel &  Ensign, 1983) produced spores which were both sonic and 
lysozyme resistant. Analysis of these spores showed them to be more like 
aerial spores. This would seem to indicate that nutrient limiting conditions 
support the formation of incomplete or immature spores.
Further bioreactor work in a nitrogen limited medium (with S a c c .  
e r y t h r a e a )  with an increased glucose concentration has produced spores 
capable of withstanding more severe ultrasonic treatment. This m a y  be due 
to the organism producing immature spores in a lower glucose medium. It 
m a y  also be due to the storage of substances such as trehalose (McBride &  
Ensign, 1987) in a higher glucose environment. Trehalose has been shown 
to increase the sonic resistance of spores but whether this is due to it 
acting as a cell wall component or as a storage compound for wall repair is 
as yet unknown.
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After 110 hours there was no evidence of any sonic resistant units in 
the nitrogen limited culture of S a c c .  e r y t h r a e a  (figure 5.3). Microscopic 
examination of material harvested from the fennenter showed that ‘sonic 
resistant units5 were no longer present. This m a y  have been due to 
enzymic degradation of the ‘spores5 during the lytic phase of the culture, 
which also occurred at 110 hours.
Antibiotic production coincided with nitrate exhaustion (figure 5.1 
&  5.2) and hence cessation of growth which would be expected in a 
secondary metabolite. Interestingly, erythromycin production and spore 
formation were first detected at similar times in the culture (about 40 to 45 
hours). This m a y  be a coincidental phenomenon due to both processes 
being triggered by nitrate exhaustion. However, it has been suggested that 
secondary metabolites m a y  act as a means of protecting an organism’s 
nutrient stores during spore formation in the environment.
At about 100 hours lysis presumably triggered by the exhaustion of 
the glucose supply was observed. This period of lysis resulted in a drop in 
the concentration of biomass and an increase in D O T  to approximately 
100%. A n  increase in the p H  of the medium was observed and this m a y  
possibly have been due to the utilisation of the organic acids that were 
previously secreted.
Carbon Limited Culture
In the carbon limited culture an increase in biomass much like that 
observed in the nitrogen limited culture was seen. The biomass increased 
until about 43 hours where lysis occurred, presumably due to the 
exhaustion of extracellular glucose. Thus the time taken to achieve 'peak
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Figure 5.5, Biomass and erythromycin profile throughout a carbon limited 
(glucose) culture.
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Figure 5.6, The utilisation/exhaustion of glucose and nitrate in a carbon limited 
(glucose) medium.
biomass’ was shorter than was observed in the nitrogen limited medium, 
i.e. 70 as opposed to 120 hours (figure 5.5). hi this culture the peak in the 
erythromycin concentration (figure 5.5) coincided with the peak in 
biomass. A  comparison of biomass and productivity between the carbon 
and nitrogen limited media showed higher peak biomass and erythromycin 
production in the nitrogen limited medium. Thus the carbon limited
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medium produced less antibiotic per gram of biomass, i.e. had a lower 
specific productivity.
The p H  (figure 5.8) increased steadily throughout the culture, 
presumably due to the removal of nitrate from the medium. The decrease 
in p H  later on in the culture as was observed in nitrogen limited cultures 
did not occur in this medium probably because the lack of carbon 
prevented significant levels of organic acid secretion.
N o  stationary phase was observed in this medium as there was lysis 
immediately upon carbon exhaustion. H o w  S a c c .  e r y t h r a e a  maintains a 
viable state in nitrogen but not carbon limited conditions is unclear. One 
reason m a y  be that once nitrogen exhaustion was achieved the organism 
was probably capable of recycling its internal nitrogen (and carbon), 
through die degradation of intracellular proteins and storage products such 
as glycogen. This process could only occur if the organism has a 
maintenance
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Figure 5.7,The occurrence of sporulation as detected by sonic resistance in a 
carbon limited (glucose) culture. Sonic resistance is indicated on a scale of log Colony 
Forming Units (CFU)
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energy input from the utilisation of glucose (and the intracellular proteins 
and storage products). Also the production of storage molecules, such as 
glycogen, has been shown to occur under nitrogen limited conditions. 
Thus, once the medium glucose supply and the intracellular carbon supply 
(glycogen and proteins) was exhausted this process can no longer continue 
and the organism will lyse. In a carbon limited environment this recycling 
m a y  not occur as once the substrate glucose is exhausted there is no 
external energy source with which to fuel any recycling processes. The 
conditions of carbon limitation would also mean that storage molecules 
such as glycogen would not be formed. Therefore there is a reduced 
availability of intracellular energy sources.
Time (Hours)
Figures 5.8,The pH and DOT profiles throughout a carbon limited (glucose)
culture.
There was no evidence of sporulation in the form of lysozyme or 
sonic resistant units in this medium (figure 5.4). Thus a carbon limited 
situation does not appear to be able to support submerged spore formation 
by S a c c .  e r y t h r a e a .
This result tends to confirm that the positive result for sonic 
resistance in the nitrogen limited media is not due to a damping effect
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caused by high mycelial concentrations as this medium contains similar 
levels of biomass but exhibits no ultrasonic resistance.
Growth of S a c c h a r o p o l y s p o r a  e r y t h r a e a  in phosphate limited 
conditions was characterised by the production of a red pigment. This was 
produced after approximately 43 hours at a time when the phosphate 
supply was exhausted and thus is probably a secondary metabolite. W o r k  
performed by G. Clark, in this research group, has shown that a similar, if 
not identical pigment was produced in conditions of severe oxygen 
limitation. Efforts to identify this pigment by Abbot Laboratories indicated 
that this pigment was not a cytochrome and was not bioactive (see 
Appendix 1 for a full description).
A  biomass production profile similar to that produced under 
nitrogen limited conditions was observed (figure 5.9). A n  initial rapid 
increase in biomass levelled off at 48 hours followed by a gradual 
decrease in biomass after 90 hours due to lysis.
Phosphate Limited Culture
300
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Time (Hours)
F i g u r e  5 .9 , Profile  o f  biomass and erythrom ycin in a phosphate limited culture.
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The phosphate assays on the medium (figure 5.10) indicated that the 
stationary phase of the organism coincided with the exhaustion of the 
phosphate supply (with the nitrate supply remaining in excess). Thus in 
this case there was probably a similar situation to that in nitrogen limited 
conditions where once the extracellular phosphate supply (the growth 
limiting substrate) was exhausted the organism was able to maintain itself 
by recycling its o w n  phosphate imtil the extracellular glucose supply was 
exhausted.
Time (Hours)
Figure 5.10, Substrate phosphate and glucose utilisation in a phosphate limited 
culture.
The production of erythromycin was atypical in this medium a 
continuous increase in the levels of the antibiotic present was observed 
without any of the levelling off observed in the nitrogen and the carbon 
limited conditions. The levels of erythromycin produced was about twice 
that observed in the nitrogen limited medium. At present it is difficult to 
explain w h y  phosphate limitation should have this effect but subsequent 
studies have shown that this result m a y  be atypical. A  possible explanation 
is that an increased leakage of intracellular erythromycin took place due to 
an increase in leakage across the cell membrane resulting from phosphate
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limitation. In gram-positive bacteria such as B a c i l l u s  spp. w e  see a 
substantial decrease in intracellular phosphate (Herbert, 1961) in 
conditions of phosphate limitation. This class of bacteria have cell walls 
rich in teichoic acid (Polyolphosphate polymer) which account for about 
5 0 %  of cell bound phosphate. In phosphate limited conditions this teichoic 
acid is replaced by non-phosphate containing teichuronic acid. It is 
possible that in phosphate limiting conditions this change in cell wall 
structure will cause an increase in leakage of erythromycin.
Time (Hours)
Figure 5.11, The production of spores (as indicated by sonic resistance) 
throughout a phosphate limited culture. Sonic Resistance is on a log Colony Forming 
Units (CFU) scale.
However, there is no evidence at present that the cell wall is a barrier to 
erythromycin release. Therefore, the increased productivity does not 
appear to be due to a change in the cell wall composition. It has been 
suggested that phosphate was responsible for the repression of 
erythromycin production in the carbon and die nitrogen limited media. 
However, there is no evidence of this in the literature and erythromycin 
production is a well studied process. W e  could speculate that the decrease 
in phosphate concentration has had an effect upon the integrity of the
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phospholipid membrane but there is no evidence at present to support this. 
The reason for the increased production/secretion of erythromycin in this 
medium is eluding us at present and more work in this area would be 
required before an adequate explanation can be provided.
Spores (or ‘sonic resistant units’) appeared to be produced in this 
medium (figure 5.11) as the occurrence of sonic resistance but not 
lysozyme resistance was observed. This was also seen in the nitrogen 
limited culture. The difference between these two media is that sporulation 
appeal's to occm* much later imder phosphate limited conditions. This 
was confirmed by E M  and
Figure 5.12, The pH and DOT profile throughout a phosphate limited
culture.
ultracentrifugation of harvested material. The p H  and D O T  profiles were 
similar to those observed in the nitrogen limited culture and this was 
probably also due to organic acid secretion and re-absorption throughout 
the time course of the culture.
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E l e c t r o n  M i c r o s c o p y  o f  Sacc. erythraea.
Figure 5.13, Scanning electron micrograph of hyphal material 
harvested from a nitrogen limited culture after 60 hours.
Figure 5.14, Scanning electron micrograph of material harvested from a 
phosphate limited culture of S a c c .  e r y t h r a e a  after 70 hours.
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Figure 5.15, S E M  of spores harvested from a nitrogen limited 
culture of S a c c .  e r y t h r a e a .  The spores have been separated from the 
hyphae in the harvest by ultracentrifugation in ‘PercolF.
Figure 5.16, S E M  of a spore harvested from a nitrogen limited 
culture of S a c c .  e r y t h r a e a .  The spore has been separated from the hyphae 
in the harvest by ultracentrifugation in ‘PercolF.
Scanning electron microscopy (SEM) were performed during cultures of 
S a c c .  e r y t h r a e a  in all three types of the limited media. The harvested 
material was treated by ultracentrifugation in Percoll (Pharmacia) to 
separate the hyphae from the spores (see Materials and Methods). Percoll 
is a solution of P V P  coated silica particles. The advantage of using percoll 
is a density gradient is formed while the material is in the ultracentrifuge. 
The hyphae and spores separated using Percoll were tested for resistance 
to ultrasonic disruption, viability and were also examined in the SEM.
The plates in figures 5.13 and 5.14 show typical hyphal material 
harvested from a nitrogen limited culture and treated by centrifugation in 
Percoll. Tests on this material showed that it was not resistant to lysozyme 
degradation or ultrasonic disruption.
The plates in figures 5.15 and 5.16 show die spores produced in a 
nitrogen limited culture. These structures are similar to those described in 
a taxonomic study of the reference strain (Riciova, 1982). Spore assays 
performed on this material showed it to be resistant to ultrasonic disruption 
but sensitive to lysozyme digestion.
Examination of material throughout the time course of all the 
cultures confirmed the results generated by the sonication spore assays.
S u m m a r y
From this work S a c c h a r o p o l y s p o r a  e r y t h r a e a  appeared capable of 
producing erythromycin under conditions of carbon, nitrogen and 
phosphate limitation. Conditions of nitrogen and phosphate limitation 
supported the formation of ‘sonic resistant units’ that exhibited ultrasonic 
resistance but were lysozyme sensitive. In the work of Kendrick and 
Ensign (1983) S t r e p t o m y c e s  g r i s e u s  was found to sporulate in submerged
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culture only under phosphate or nitrogen limited conditions and produced 
spores which were ultrasonic resistant but lysozyme sensitive. The use of 
criterion such as cell wall architecture and biochemical differences enabled 
Kendrick and Ensign (1983) and Koepsel and Ensign (1984) to confirm 
that the structures they observed were indeed spores. Unfortunately the 
criterion used in our experiments can select only for small cells and cannot 
detect characteristics specific to a spore. The absence of cell wall 
architecture in S a c c .  e r y t h r a e a  means that S E M  is not an effective means 
of identifying spores. Therefore, the structures w e  have observed could be 
a small hyphal morphology that is produced only in certain conditions. In 
m y  opinion these structures are spores that are immature or are 
incompletely formed due to the liquid culture conditions. However, 
without further analysis this cannot be confirmed and as such these objects 
will be referred to as ‘sonic resistant units’.
The majority of work involved in the understanding of 
streptomycetes physiology is limited due to the cultivation of the organism 
in a complex medium. W o r k  in such media does not allow us to easily 
assess nutrient limitation and nutrient uptake without the use of techniques 
such as elemental analysis and mass balancing (Bushell &  Fryday, 1983). 
A  similar problem is associated with studies in morphology and in 
particular submerged spore formation. M a n y  examples of submerged 
sporulation (Daza e t  a l ., 1989; Huber e t  a l . , 1987) occur in a complex 
medium.
The development of defined medium is fraught with difficulty due to 
the tendency of S t r e p t o m y c e s  species to pellet (Williams e t  a l . , 1972) in 
such media. This problem was overcome somewhat by Hobbs e t  a l . ,  
(1989) w h o  included charged polymers such as junlon in his defined
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medium for S t r e p t o m y c e s  c o e l i c o l o r  A 3  (2). This was not a perfect 
solution, however, as the presence of junlon interfered with certain assay 
techniques, particularly biomass estimation. The growth of S .  c o e l i c o l o r  in 
this medium although dispersed was slow and this probably indicated that 
some important growth factors are absent in the medium.
Previous studies (Kendrick &  Ensign, 1983., Koepsel &  Ensign, 
1984) of submerged streptomycetes sporulation have shown that nitrogen 
and phosphate limiting conditions initiate this process. These findings are 
in agreement with the results for S a c c .  e r y t h r a e a  in this study. However, 
it is the opinion of some workers (Hodgson, 1992) that sporulation is not 
initiated by nutrient limitation and it is factors such as hyphal age and 
position within the colony that are responsible for initiating spore 
formation.
The concept that hyphal position within a colony is a major factor in 
sporulation does not seem to be applicable to growth within a liquid 
environment. However, the extent of hyphal branching has been implicated 
as a factor of aerial hyphae formation (Allan &  Prosser, 1987) and as such 
the extent of brandling within a fermenter could be compared to 
sporulation. hi this work a high branching rate was correlated to the 
initiation of aerial mycelium formation. A  high level of branching occurs in 
conditions of nutrient excess and so spore formation does not appear to be 
associated with nutrient limitation, hi the normal development of a colony 
on an agar plate, the organism will initially consist of a small group of 
hyphae. This hyphae will initially exhibit a high branching rate due to the 
conditions of nutrient excess. W h e n  the colony begins to expand in size, 
staling compounds (Allan &  Prosser, 1987) produced by the hyphae will 
be in sufficient quantity to suppress brandling and cause growth to be
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concentrated into primary hyphal extension. This prevents the colony from 
growing back into itself. Thus in a normal colony, the centre (which is in 
nutrient limiting conditions) m a y  contain a higher level of branched hyphae 
than tire edge (which is in conditions of nutrient excess). Thus the 
branching rate m a y  determine where spore formation will occur on the 
hyphae. However, this does not necessarily mean that it is a signal for 
spore formation. A  colony on a plate m a y  therefore show the different 
hyphal morphologies produced under different nutrient conditions. It is 
tempting to view the micro-colonies produced in liquid culture as being 
analogous to the colonies formed on agar plates. In such structures (micro­
colonies) w e  would expect spore formation to take place in the centre of 
the colony due to the high level of branching that is present in that area. 
The effects of nutrient conditions upon morphology and spore formation 
would require measurements of many factors such as, hyphal length and 
branching rate (Martin, 1994, P h D  Thesis). However, the data available at 
present is not adequate to enable us to compare such factors as branching 
and the formation o f 6 sonic resistant units’
Ensign (1988) and Granozzi e t  a l , (1990) have implicated hyphal 
age as die major factor in sporulation. They have suggested that 
streptomycetes have a predetermined developmental cycle that is 
influenced to some extent by nutrient conditions.
W h y  sporulation should occur under nitrogen and phosphate limited 
conditions but not carbon limited conditions is uncertain, hi m y  opinion a 
carbon limited environment is unable to support sporulation due to the low 
concentrations of materials, i.e. there is not enough carbon available to 
provide energy and building materials to make spores.
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The inability of many streptomycetes to sporulate in a liquid 
environment m a y  be due to the absence of adequate media to cause 
specific types of nutrient limitation or could be due to some inhibitory 
aspects of growth in liquid culture. In the latter case, nutrient limitation 
might not be a sufficient means of removing the inhibition to spore 
formation. The vigorous dispersed growth of S a c c .  e r y t h r a e a  in a defined 
medium makes it an excellent model for the study of streptomycetes 
physiology.
This work then demonstrates different conditions mider which either 
secondary metabolism or the formation of ‘sonic resistant units’ occur in a 
submerged environment.
This provides us an ideal opportunity to study the differences in the 
physiology of the two processes. It is known that secondary metabolism 
and sporulation can be triggered by c o m m o n  factors i.e. nutrient limitation. 
However, these results demonstrate a nutrient limiting condition which is 
not c o m m o n  to both processes and this could indicate that the intracellular 
triggers for sporulation and antibiotic fonnation are different. If this is the 
case then both of these processes must be responsive to different 
physiological conditions.
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M a c r o m o l e c u l a r  S y n t h e s i s  
R a t e s  I n  
S a c c h a r o p o l y s p o r a  e r y t h r a e a
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M a c r o m o l e c u l a r  S y n t h e s is  R a t e s  ( M M S )
W e  have previously demonstrated that different forms of nutrient 
limitation in a liquid culture system can have varying effects upon the 
differentiation and secondary metabolism of S a c c h a r o p o l y s p o r a  
e r y t h r a e a .
The previous experiments showed that S a c c .  e r y t h r a e a  is sensitive 
and responsive to environmental conditions. Thus the organism must have 
some w a y  of describing its immediate environment and must have some 
means of sensing which nutrients are entering the cell, the rate of uptake 
and die rate of utilisation by die cell. This would allow the cell to predict 
when nutrients will become exhausted and initiate an appropriate response.
To do this certain areas of an organism's physiology must be 
responsive to nutrient limiting conditions. It is possible that an organism 
achieves diis by monitoring die rates of macromolecular synthesis i.e. 
D N A ,  R N A ,  protein and carbohydrate. Growth rate is the accumulation of 
biomass with time and biomass is largely composed of R N A ,  D N A  and 
protein. The objective of investigating whether any or all macromolecular 
synthesis rates are capable of exerting some effect upon antibiotic 
production seems pertinent to the further investigation of the effect of 
growth rate on the induction of secondary metabolism. The rate of 
macromolecular synthesis essentially gives a measurement of one aspect of 
growth.
It has been known for some time that antibiotics such as 
chloramphenicol, lincomycin (McCann &  Pogell, 1980) which inhibit 
protein synthesis and rifamicin (Salas e t  a l . , 1985) which inhibits R N A  
synthesis, will induce sporulation when added to S t r e p t o m y c e s  spp.
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Inhibiting a process such as protein synthesis will also cause a reduction in 
R N A  and D N A  synthesis. These processes are so closely linked that it is 
almost impossible to affect one without affecting the other. Therefore, a 
general down regulation of macromolecular synthesis results when one of 
these antibiotics is added to an organism. The macromolecular synthesis 
rates m a y  give a general indication of growth rate and the cells 
physiological state. They would also indicate such events as cryptic 
growth or spore formation. It must be stated that M M S  rate will only give 
us a global measurement and the culture m a y  contain a population of 
hyphae which exhibit a range of macromolecular synthesis rates. Therefore 
the measurements will indicate the ‘average’ M M S  rate at the time of 
sampling.
hi the following set of experiments die rates of synthesis of 
macromolecules diroughout a batch culture in a carbon limited and a 
nitrogen limited medium were monitored. The reason for using these two 
media was that previous experiments had shown different profiles of 
antibiotic and spore formation in these two systems. In the experiments die 
rates of synthesis of D N A ,  R N A  and protein were ascertained by 
measuring the rate of incorporation of radiolabelled thymine, uracil or 
leucine respectively (see Materials and Methods or Appendix 3).
Originally in pilot studies a Testing cell’ system was used, where the 
organism was transferred to M O P S  buffer plus the radiolabel. This system 
was found to produce poor levels of incorporation and was thought to be 
due to the transference of the organism from the medium to M O P S .  This 
caused a nutritional downshift and hence a d o w n  regulation of 
macromolecular synthesis. To eliminate this problem it was decided to 
perform die incorporations in a direct harvest from die fennenter. Thus the
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levels of incorporation recorded in this w a y  were a truer reflection of their 
activities within the organism at that particular time.
The rate of carbohydrate synthesis was not measured due to the 
presence of glucose in the growth medium. This presented a problem as 
carbohydrate synthesis is determined by the rate of radiolabelled glucose 
uptake. This is difficult to determine as the organism will be incorporating 
both radiolabelled glucose (of a known amount) and substrate glucose 
whose concentration will change throughout the culture.
The measurement of macromolecular synthesis rates is based upon 
the incorporation of a radiolabelled precursor into D N A ,  R N A  or protein. 
The accuracy of the data depends upon the assumption that the 
intracellular pool size of the precursor remains constant. W h e n  a 
precursor, such as leucine is added to a cell w e  assume that all of it will be 
diverted into protein synthesis and not into the cells resident pool of 
leucine. However, changing conditions m a y  mean that some of this leucine 
will be diverted into the intracellular pool as well as into protein synthesis. 
Therefore, w e  must be careful to not over interpret the data, particularly 
when comparing the rates of incorporation from different nutrient 
conditions. The macromolecular synthesis rates w e  calculate are not an 
absolute figure and give a qualitative not a quantitative measurement of 
M M S  rate.
The rates of synthesis presented in these experiments are specific 
rates. That is to say die rate of synthesis per gram of biomass. This means 
of expressing the data allows a direct comparison of rates measured at 
different times in the culture and in different media. A  problem with 
expressing data as specific rates is tiiat during low biomass the rate will be 
very high but, following the accumulation of inactive biomass the rates will
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appeal' very low. This is a problem, and where possible, inflation of 
specific rates by low biomass concentration has not had undue significance 
ascribed to it.
Nitrogen Limited M e d i u m
O n  the basis of sonic resistance being an indicator of the presence 
of spores, spore (or ‘sonic resistant units’) formation occurred after 60 
hours (figure 6.1).
Time (hours)
Figure 6.1, Spore formation in Sacc. erythraea (as detected by sonic 
resistance) throughout a nitrogen limited (nitrate) culture. Sonic resistance is expressed 
as the log of the Colony Forming Units (CFU).
From assays performed on the substrate throughout the culture (figure 6.6) 
w e  k n o w  that the nitrogen source was exhausted before the occurrence of 
‘sonic resistant units’ (spores). The carbon source however still remained 
in detectable quantities until the point of lysis.
The data from the radiolabel incorporation studies (figures 6.2, 6.4 
&  6.5) showed a steady decrease in the rates of synthesis of D N A ,  R N A  
and protein. This decrease continued until about 45 hours at which point
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the nitrate supply was exhausted. Thus as the nitrate supply decreased, the 
rate of macromolecular synthesis also decreased. However, after the point 
of nitrate exhaustion a recovery in macromolecular synthesis ( M M S )  rates 
was observed and this continued until lysis occurred.
O n  face value the biomass data and the macromolecular synthesis 
data appears to be contradictory. A  decrease in macromolecular synthesis 
rates (figures 6.2, 6.4 &  6.5) at the same time that an increase in biomass 
is observed. Also at 44 hours in the culture w e  observe a very low M M S  
rate when biomass is still accumulating.
x le-6
Time (hours)
Figure 6.2 Specific rate of DNA synthesis in Sacc. erythraea (mg of thymine 
incorporated per minute per gram of biomass) throughout a nitrogen limited (nitrate) 
culture. DNA synthesis rate is expressed on a scale of 1 to 4x10+ mg/min/g biomass.
W e  cannot directly compare a biomass value with a rate of synthesis 
as w e  are comparing an absolute (quantitative) value with a rate 
(dynamic) value. For a true comparison w e  would have to compare growth 
rate with macromolecular syndiesis rate. The growdi rate can be calculated 
by interpolation of the biomass curve and the accuracy of the data is reliant 
upon frequent sampling. The constraints on sampling caused by the M M S  
measurements meant diat frequent sampling was not possible. W e
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therefore compared the growth and erythromycin production rate data w e  
calculated with the results generated by other workers in this laboratory.
Time (hours)
Figure 6.3, The specific growth rate and specific production rate of erythromycin in 
Sacc. erythraea in a nitrogen limited fermentation. The rates are calculated by the 
interpolation of the biomass and erythromycin curves.
Measurements of growth rate (in experiments where frequent sampling 
was possible), by workers in this laboratory (McDermott, 1991; Martin, 
1994) have shown that S a c c .  e r y t h r a e a  when grown in a nitrogen limited 
medium experiences a decrease in growth rate after 20 hours. This 
compared well with the growth rate data calculated from this experiment 
(figure 6.3). O n  this basis there is no contradiction between the M M S  data 
and the biomass data. The decrease in M M S  rate is occurring when the 
growth rate is also decreasing. The decrease in macromolecular synthesis 
rate could be taken to indicate one of two things. Either w e  have a general 
decrease in M M S  rate in all the hyphae or the hyphal population is 
dividing into two groups. One group maintains a high M M S  rale while the 
other group becomes inactive and maintains a low M M S  rate. The 
decrease in M M S  rate observed in the culture could therefore be due to a 
gradual increase in this inactive population. The use of specific rate
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measurements will therefore show a large drop in M M S  rate as w e  are 
calculating the average M M S  rate for all the biomass. However, with no 
means of distinguishing between active and inactive biomass I believe w e  
are justified in presenting the data in this format.
x le-3
Time (hours)
Figure 6.4, Specific rate of RNA synthesis in Sacc. erythraea (mg of uracil 
incorporated per minute per gram of biomass) throughout a nitrogen limited (nitrate) 
culture. RNA synthesis rate is on a scale from 0 to 8x10~3 mg/min/g biomass.
x le-4
Time (hours)
Figures 6.5, Specific rates of protein synthesis with respect to biomass in a 
nitrogen limited (nitrate) culture of Sacc. erythraea. MMS rates are expressed as mg 
of label incorporated per minute per gram of biomass. Protein synthesis rate is on a 
scale from 0 to 3x1 OA
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Erythromycin is first observed after 20 hours (figure 6.7) during 
biomass accumulation. The initial production of erythromycin can also be 
correlated with the rapid drop in M M S  rate (figure 6.2, 6.4 &  6.5) and 
growth rate (McDermott, 1991) typically seen at this stage of the culture. 
W o r k  in this laboratory (McDermott, 1991) has shown that peak growth 
rate and peak production rate occur at the same point in this medium. This 
is termed as growth associated production. This confirms the calculations 
of growth and production rate (figure 6.3) made on this data. Therefore a 
correlation between growth rate as indicated by M M S  rate and 
erythromycin production rate can be drawn.
W h e n  the macromolecular synthesis data were examined with 
respect to sporulation, the onset of sporulation (‘sonic resistant unit’ 
formation) appeared to be proceeded by a reduction in the rate of protein 
synthesis with respect to D N A  and R N A  synthesis. Throughout die culture 
the relative rates of D N A ,  R N A  and protein syndiesis remained in 
synchrony (figures 6.2, 6.4 &  6.5). Approximately 15 hours before the 
occurrence of spores an uncoupling in these rates was evident. This m a y  
suggest diat an uncoupling in the rate of protein synthesis with respect to 
D N A  and R N A  synthesis could act as a sporulation signal. The recovery in 
the rates of M M S  at the point where the nitrate becomes exhausted could 
be a result of the initiation of spore formation. To produce spores the 
organism must produce protein, R N A  and D N A  and this recovery in M M S  
rates could be a result of spore forming activity. It is assumed that as the 
nitrate supply becomes depleted (figure 6.6) the M M S  rate of the organism 
decreases and the growth rate (figure 6.2, 6.4 &  6.5) also decreases due 
to the lack of nitrate. This decrease occurs until die nitrogen supply 
becomes exhausted and die M M S  rates are at theft lowest point. Once the
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nitrate supply is exhausted the organism induces nitrogen scavenging 
mechanisms whereby non essential intracellular proteins are broken 
d o w n  to provide nitrogen, carbon and energy. This essentially causes
Figure 6.6 Utilisation of nitrate throughout a nitrogen (nitrate) limited 
culture of Sacc. erythraea.
Time (hours)
Figure 6.7, The production of erythromycin throughout a nitrogen (nitrate) 
limited culture of Sacc. erythraea.
a recycling of intracellular nitrogen and the organism remains in a 
stationary state as long as there is extracellular carbon sources (and 
intracellular carbon source) available to fuel this recycling system. This
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phenomenon is known as cryptic growth, where one part of a population is 
growing at the expense of another part of the population. The induction of 
this scavenging system provides more intracellular nitrogen and so an 
increase in macromolecular synthesis rate can occur. This recycling system 
can only occur while there is an energy source available to fuel it.
It is assumed that the increase in D N A ,  R N A  and protein synthesis 
after 44 hours was due to spore (‘sonic resistant unit’) formation. The 
obseived increase in D N A  and R N A  after this time was quite small. 
Therefore, w e  cannot be sure that the increase is due to incorporation 
solely into macromolecules or whether it is due to an increase in 
intracellular pool size. Protein synthesis rate however, shows a much 
larger increase and as such w e  are confidant that this indicates an increase 
in protein synthesis. It has been suggested that the changes in M M S  rate is 
due to changes in die hyphal population, hi this case the culture appears to 
have an increase in a hyphal population (possibly hyphae involved in spore 
formation) which is active in protein synthesis. The problem with this data 
is that w e  only have a global indication of protein synthesis rate and as 
such specific interpretation of the data is not possible.
These results seem to suggest that changes in the macromolecular 
synthesis rates could act as physiological markers and correlation’s 
between these and sporulation or secondary metabolism can be drawn. 
The question is h o w  closely linked are these processes. Are the observed 
effects due to a c o m m o n  response to nutrient limitation or does the 
macromolecular synthesis rate directly affect sporulation or secondary 
metabolism?
I l l
This hypothesis could be tested by observing the M M S  rates in 
another organism and by trying to modulate the rates of macromolecular 
synthesis in S a c c .  e r y t h r a e a .
Carbon Limited M e d i u m
In the carbon limited medium, as in previous experiments in this 
medium, erythromycin production but not spore formation was observed 
(figure 6.8).
Time (hours)
Figure 6.8. The production of biomass in comparison to erythromycin 
production in a carbon limited (glucose) culture of Sacc. erythraea.
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Figure 6.9, Biomass production and glucose utilisation in a carbon limited 
culture (glucose) of Sacc. erythraea.
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Assays performed throughout the culture confirmed that the carbon 
source (figure 6.9) became exhausted but that the nitrate aud phosphate 
sources remained in detectable quantities.
The macromolecular synthesis (MMS) studies (figures 6.11, 6.12 
and 6/13) again showed that a decrease in MMS rates does seem to be 
associated with erythromycin production. Work by McDermott (Thesis, 
1991) in this laboratory has shown that peak growth rate (which occurs at 
the same time as peak MMS rate) occurs at a different point to peak 
production rate, This is known as growth dissociated production. This is ill 
agreement with our calculations o f  growth and production rate (figure 
6.10). The graphs demonstrate that as the concentration o f glucose 
decreases so does the rate o f  synthesis o f macromolecules. The data
Figure 6.10, Change in growth rate and erythromycin production rate during 
a carbon limited (glucose) culture of Sacc. erythraea. Growth and production rate are 
calculated via interpolation of the biomass and erythromycin curves.
presented in figure 6.10, also demonstrates that the growth rate decreases 
as the macromolecular synthesis rate decreases. The growth rate data
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calculated (by interpolation of the biomass curve) for this culture compares 
well with the work of S.M. Martin (Thesis, 1994) in which studies 
involving more frequent sampling was possible. Thus, as in the nitrogen 
limited culture w e  can observe that as the concentration of the growth 
limiting substrate decreases, so does the rate of macromolecular synthesis 
so as reduce the non-essential utilisation of carbon. However, unlike the 
nitrogen limited culture there was no subsequent recovery in 
macromolecular synthesis rate once the growth limiting substrate was 
exhausted. Once glucose was exhausted the rates of macromolecular 
synthesis were almost undetectable and the organism lysed.
xle-4
Figure 6.11, Specific rate of DNA synthesis in a carbon limited (glucose) 
culture of Sacc. erythraea. The rates of MMS are measured as mg of label per minute 
per gram biomass.(Scale from 0 to 2x10-4 mg/min/g biomass).
It seems that S a c c h a r o p o l y s p o r a  e r y t h r a e a  has no mechanisms 
which equip it to survive in an environment where glucose is the growth 
limiting substrate. This assumption is in part confirmed by the fact that the 
original isolate of S a c c h a r o p o l y s p o r a  e r y t h r a e a  was from sugar cane 
bagas. Also the lack of recovery in M M S  once glucose is depleted and the 
absence of spores also seem to confirm this assumption. It m a y
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alternatively be the case that carbon is such an important component of 
cell processes that survival without even a small influx is impossible.
x le-5
2 sr
Figure 6.12, Change in the specific rate of RNA synthesis in comparison 
with biomass throughout a carbon limited (glucose) culture of Sacc. erythraea. The 
rate of MMS was measured as mg of label per minute per gram biomass. (Scale from 0 
to 4x10-5 mg/min/g biomass).
xle-4
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Figure 6.13, Change in the specific rates of protein synthesis in comparison 
with biomass throughout a carbon limited (glucose) culture of Sacc. erythraea. The 
rate of MMS are measured as mg of label per minute per gram biomass. (Scale from 0 
to 10x1 O'4 mg/min/g biomass).
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S u m m a r y
Macromolecular synthesis studies by other workers investigating 
streptomycetes physiology is rare and is usually limited towards labelling 
D N A  with a view towards electron microscopy work. Most studies of 
macromolecules in the streptomycetes have tended to focus on the location 
of D N A ,  R N A  and protein in the hyphae. W o r k  such as this has 
demonstrated that macromolecular synthesis occurs primarily at the hyphal 
tip (Riesenberg &  Better, 1984; K u m m e r  &  Kretschmer, 1986; 
Kretschmer &  Kummer, 1987; Prosser e t  a l ., 1988).
The results presented in our work could be explained in terms of a 
changing population of hyphae throughout the culture. Where the change 
in macromolecular synthesis ( M M S )  rate is due to a change in the ratios of 
a hyphal population, consisting of a hyphal sub-population which is highly 
active in M M S  and a second hyphal sub-population which is inactive in 
M M S .  A  change in population has been demonstrated by Martin (Thesis, 
1994) in the growth of S a c c .  e r y t h r a e a  in carbon and nitrogen limited 
conditions. However, this work did not provide any data regarding the 
macromolecular synthesis rates of the sub-populations.
S a c c .  e r y t h r a e a  is a filamentous organism and as such will produce 
n e w  biomass by linear elongation. To grow at a rate greater than this the 
organism must increase its brandling rate to increase the number of 
growing tips. Therefore, a filamentous organism can exhibit logarithmic 
growth by branching exponentially. At the beginning of a fermentation w e  
have high growth and therefore a high brandling rate to increase the 
number of growing tips. Because macromolecular synthesis occurs at the 
tip the M M S  rate will be high in periods of high growth. W h e n  growth
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decreases the branching rate will decrease and the number of growing tips 
per unit biomass will also decrease. The macromolecular synthesis rate 
will also decrease as a consequence of this. Therefore, the decrease in 
M M S  observed can be explained in terms of a changing population in the 
fermenter. The culture initially contains a high proportion of frequently 
branched hyphae during nutrient excess. W h e n  the ‘growth limiting 
substrate’ decreases the growth rate will decrease, the branching rate of 
the organism will also decrease and the number of growing tips will also 
decrease. Therefore the proportion of frequently branched hyphal forms 
(with a high M M S  rate) in the population will also decrease. If the change 
in M M S  rate is due to a change in die population tiien the M M S  rate data 
is only an indication of the net rate of syndiesis i.e. the average M M S  rate 
for all the hyphae in the population. However, to prove this w e  would have 
to isolate and quantify die active and inactive populations throughout a 
time course. Such an undertaking would be technically very difficult.
Time (hours)
Figure 6.14, The rates of radiolabel incorporation in S. coelicolor grown on 
a solid medium (Grannozi etal., 1990).
117
W o r k  by Hardisson e t  a l . , (1978) has measured macromolecular 
synthesis rates i n  v i v o  but has been limited purely to the germination of 
spores not hyphae in a fermenter. To date the only work similar to that 
presented here measured the macromolecular synthesis rates of S .  
c o e l i c o l o r  (Granozzi e t  a l . , 1990) on agar plates. This work is valuable in 
that the rates of macromolecular synthesis were measured during the 
differentiation of the colony and so is a good comparison with this work. 
The results of Granozzi (see figure 6.14) are very similar to the data for 
the nitrogen limited culture of S a c c .  e r y t h r a e a .  The results showed an 
increase in macromolecular synthesis rates during aerial mycelium 
formation and sporulation (cryptic growth) on agar for S .  c o e l i c o l o r  and 
this was also evident during the submerged sporulation (cryptic growth) of 
S a c c .  e r y t h r a e a .  The paper presented by Granozzi did not unfortunately 
give any indication of what nutrient limiting conditions the organism was 
exposed too. However, his results do lend credence to the theory that the 
increase in macromolecular synthesis rates observed in nitrogen limiting 
conditions is due to spore fonnation.
The majority of streptomycetes however, are soil isolates and this is 
likely to be a nitrogen or phosphate limited environment (Bums, 1989) as 
plant material is high in carbon. Hyphal growth is a limited and labour 
intensive means of colonising n e w  habitats and it m a y  be that the 
physiology of these organisms is structured such that in conditions of 
nitrogen or phosphate limitation the response is to produce spores. This 
will enable the organism to spread and colonise areas with fresh nutrient 
sources. In a carbon limited environment the response m a y  be to grow 
long hyphal filaments to seek out n e w  carbon sources but to do this the 
organism would divert all its carbon towards growth alone and could not
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afford to divert any carbon towards sporulation. From an evolutionary 
point of view it m a y  be more advantageous to do this. A n  organism which 
is actively growing will be able to utilise any carbon source it discovers 
muc h  faster than a spore which must germinate before growth. Thus from 
an aspect of competition it would be a more effective strategy to remain in 
a hyphal state.
In a nitrogen or phosphate limited state die physiology of the 
organism responds by growing to find n e w  nitrogen or phosphate sources 
but when this is unsuccessful it utilises die remaining carbon in spore 
formation. The reason for this m a y  be tiiat although carbon is available to 
fuel growth there is not enough intracellular nitrogen or phosphate 
available to make an effective amount of hyphal material to spread to ne w  
areas.
A  comparison of M M S  rate data with growth rate data from 
previous workers in tiiis laboratory (McDermott, Thesis, 1991; Martin, 
Thesis, 1994) showed a close correlation. Previous comparisons of growth 
rate and production rate showed different profiles depending upon the 
nutrient limiting conditions.
The next series of experiments will try address following questions. 
Firstly are die observed profiles of M M S  rate c o m m o n  to other organisms 
in similar nutritional circumstances. This will also give us the opportunity 
to observe the macromolecular synthesis rate profiles in another 
streptomycete and see if die trends w e  observe in S a c c .  e r y t h r a e a  can 
also be applied to other organisms.
Alternatively does the dow n  regulation in macromolecular synthesis 
act as a signal for sporulation and/or antibiotic production? The fact that a 
decrease in macromolecular synthesis rates coincides witii nutrient
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limitation suggests that they m a y  have potential as markers of the 
physiological state of the cell and as such potential initiators of processes 
such as secondary metabolism or sporulation. This hypothesis will be 
examined by modulating the rates of protein and D N A  synthesis by the 
addition of a sub-lethal amount of a protein or D N A  synthesis inhibitor to 
S a c c .  e r y t h r a e a  and observing its effects on sporulation and secondary 
metabolism.
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M a c r o m o l e c u l a r  S y n t h e s i s  
R a t e s  I n  
S t r e p t o m y c e s  h y g r o s c o p i c u s
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Macromolecular Synthesis Rates In S t r e p t o m y c e s  h y g r o s c o p i c u s
It was suggested that experiments involved in the study of 
macromolecular synthesis ( M M S )  rates in another organism would also 
allow us to speculate whether observations in S a c c .  e r y t h r a e a  cultures 
typify the physiology of other streptomycetes.
It was decided to measure the rates of macromolecular synthesis in 
cultures of S t r e p t o m y c e s  h y g r o s c o p i c u s  A T C C  21705. This strain was 
kindly provided by Charles Thompson of the Institute Pasteur, Paris. W o r k  
by Thompson on this organism has shown diat it only produces one 
antibiotic and that this is die herbicide bialaphos (personal communication, 
Thompson 1992). This antibiotic is a tripeptide consisting of two L-alanine 
residues and one molecule of phosphinothricin which is an analogue of L- 
glutamic acid. It is the phosphinothricin component of the antibiotic that 
has the toxic effect due to its ability to inhibit the action of glutamine 
syndietase.
The fact that this organism also produces only one antibiotic 
simplifies the process of understanding any effects on secondary 
metabolism.
As in the S a c c .  e r y t h r a e a  experiments w e  will monitor the rates of 
M M S ,  sporulation, antibiotic formation, biomass and growth limiting 
substrate concentration in a carbon limited medium and a nitrogen limited 
medium.
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Nitrogen Limited Culture
The growth of S .  h y g r o s c o p i c u s  was more rapid in nitrogen limited 
conditions (figure 7.1) than growth observed in S a c c . e r y t h r a e a  cultures. 
In this case the lytic phase of growth was observed after 80 hours as 
opposed to 120 hours for S a c c .  e r y t h r a e a .  The growth of S .  
h y g r o s c o p i c u s  was initially problematic due to extensive pellet formation. 
Hobbs e t  a l . , (1989) has shown that pelleting tends to be a problem in 
streptomycetes when they are cultivated in defined medium. This is usually 
attributed to the clumping of spores.
Figure 7.1, Change in biomass and the production of bialaphos throughout 
the time course of a nitrogen limited culture (nitrate) of S. hygt'oscopicus. Bialaphos 
activity is expressed in terms of equivalent activity of erythromycin.
The pelleting problem was dispelled by the vigorous stirring of S .  
h y g r o s c o p i c u s  during all the stages of inoculum development. Thus the 
use of polymers such as j union, which was the solution of Hobbs to this 
problem, proved unnecessary. This would seem to indicate in this case, the 
problem of pelleting in a defined medium is a result of inadequate 
inoculum development rather than a property of the medimn. This m a y  not
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be a general solution for all S t r e p t o m y c e s  spp. as some organisms ( such 
as S .  c o e l i c o l o r  A3(2)) do not fragment in liquid culture.
In S .  h y g r o s c o p i c u s  the time span for peak biomass and lysis was 
achieved in a shorter time period than was observed in S a c c .  e r y t h r a e a . 
However, similar trends of growth were observed in both organisms.
The assay of bialaphos was carried out using the pimch plate 
technique (see Materials &  Methods). Due to the unavailability of a 
bialaphos standard the antibiotic concentration was expressed in terms of 
equivalent activity of erythromycin.
Bialaphos was first detected at approximately 36 hours (figure 7.1) 
and this coincided with the point of nitrate exhaustion in die culture. The 
point of nitrate exhaustion (figure 7.2) also coincided with die start of the 
stationary phase of growth and this phase was maintained until about 75 
hours when lysis occurred due to glucose exhaustion. Thus the growth 
pattern of S .  h y g r o s c o p i c u s  in nitrogen limited conditions was very similar 
to that of S a c c .  e r y t h r a e a .
Figure 7.2, The points at which the extracellular nitrate and glucose source 
become exhausted throughout a nitrogen limited (nitrate) culture of S. hygroscopicus.
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One interesting point in the culture was the production of a yellow 
pigment only under nitrogen limited conditions was observed. This 
pigment was first detected at about 40 hours and as yet is not identified. 
The D O T  and p H  profiles in this culture were also very similar to those 
seen in S a c c .  e r y t h r a e a  and are also probably indicative of organic acid 
secretion and absoiption throughout the time course or was possibly due to 
nitrate removal (figure 7.3).
A  major difference in the growth of S .  h y g r o s c o p i c u s  in this 
medium however, was that spore formation was not evident. The organism 
was observed to sporulate on solid defined medium and so the lack of 
spore formation would appear to be linked to growth in liquid culture. This 
could possibly have been due to the medium composition lacking in some 
critical growth factor necessary for submerged sporulation or that certain 
hyphal morphologies essential for spore formation cannot be maintained in 
liquid culture.
The rates of macromolecular synthesis in S .  h y g r o s c o p i c u s  were 
slightly different to those in S a c c .  e r y t h r a e a .  The long lag phase (18 
hours) in the culture demonstrated that D N A  and protein synthesis rates
increased to quite a high level prior to the start of the growth phase.
8     120
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Figure 7.3, Changes in pH and DOT throughout a culture of S. 
hygroscopicus in a nitrogen limited (nitrate) culture.
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Figure 7.4, The specific rate of DNA synthesis in comparison to biomass 
throughout the nitrogen limited (nitrate) culture of S. hygroscopicus. Rate of MMS is 
measured as mg of thymine incorporated per minute per gram of biomass. (Scale 0 to 
8xl0-6).
x le-6
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Figure 7.5, The specific rate of RNA synthesis in comparison to biomass 
throughout the nitrogen limited (nitrate) culture of S. hygroscopicus. Rate of MMS is 
measured as mg of uracil incorporated per minute per gram of biomass.(Scale 0 to 
5xl0-6 mg/min/g)-
This was possibly due to the adaptation of the organism to the medium 
where the organism has a high M M S  rate but the lack of accumulation of
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biomass produces a high specific M M S  rate value. It has been previously 
suggested that the changes in M M S  rate are due to a change in population 
in die culture. However, the trend m a y  simply reflect the inflation of the 
specific rates, which can occur during insignificant changes of the 
measured parameter.
During the growth phase (figures 7.4, 7.5 &  7.6) a decrease in all 
three rates of macromolecular synthesis was observed. This was also 
evident in die S a c c .  e r y t h r a e a  and was due to a lack of nitrate causing 
M M S  rate and therefore growth rate to decrease. However, once the 
nitrate supply was exhausted the rates of macromolecular synthesis seen in 
S .  h y g r o s c o p i c u s  were different to those observed in S a c c .  e r y t h r a e a
Time (Hours)
Figure 7.6, The specific rate of protein synthesis in comparison to biomass 
throughout a nitrogen limited (nitrate) culture of S. hygroscopicus. Rate of MMS is 
measured as mg of leucine incorporated per minute per gram of biomass.(0 to 3x10+).
In S a c c .  e r y t h r a e a  a recovery in all rates of macromolecular 
synthesis after nitrate exhaustion was observed. In S .  h y g r o s c o p i c u s  
however, this recovery was much smaller, particularly in the case of the 
recovery in protein synthesis rate and as such is either due to cryptic 
growth or accumulation of the label into the intracellular pool, hi S a c c .
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e r y t h r a e a  a high recovery in protein synthesis was observed. This rise in 
protein synthesis coincided with sporulation (a form of cryptic growth). In 
S .  h y g r o s c o p i c u s  this high recovery of macromolecular synthesis rates 
was not seen.
To summarise, the major differences in the S .  h y g r o s c o p i c u s  
culture was that a high recovery of macromolecular synthesis rates after 
nitrate exhaustion was not observed. Furthermore, spore formation did not 
occur in this medium even though it was a nitrogen limited environment.
The absence of sporulation in this medium could have been due to a 
number of factors. Firstly, the medium m a y  have been missing some factor 
which was necessary for the spore forming process. The level of biomass 
in this medium was slightly less than that produced by S a c c .  e r y t h r a e a  
(3.5gl-l as opposed to 4.5gH). The organism also had quite a long lag 
phase in this medium even though the inoculum was grown in identical 
media. This seems to indicate that the organism is not totally suited to this 
medium. Secondly, this absence in sporulation m a y  have been due to the 
fact that this is a liquid environment and this m a y  prevent the development 
of hyphal morphologies necessary for producing spores. In our experience 
S .  h y g r o s c o p i c u s  requires high shear forces in the bioreactor to prevent 
pellet formation and this m a y  be a significant factor.
The original question posed at the start of this experiment was does 
a d o w n  regulation in M M S  rate act as a signal for sporulation or secondary 
metabolism? hi these experiments w e  see that a low rate of protein 
synthesis was associated with bialaphos production. Therefore the trend in 
antibiotic production and protein synthesis was due to a response to the 
same conditions. W e  k n o w  that nutrient limitation is an effective means of 
inducing secondary metabolism and as such a decrease in M M S  m a y  be an
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effective physiological marker or signal of nutrient limiting conditions. In 
the case of sporulation w e  cannot answer this question until w e  observe 
submerged spore formation in another organism.
Carbon Limited Culture.
The growth of S .  h y g r o s c o p i c u s  in the carbon limited culture studies 
was very similar to the profiles seen for S a c c .  e r y t h r a e a  in the same 
medium. Biomass and antibiotic curves similar to those of S a c c .  e r y t h r a e a  
are also observed (figure 7.7).
Figure 7.7, Biomass and bialaphos formation profiles of S. hygroscopicus 
throughout the time course of a carbon (glucose) limited culture. Bialaphos is 
expressed in terms of equivalent units of erythromycin.
In both cases a period of growth followed immediately by lysis once the 
carbon source was exhausted was observed (figure 7.8). The p H  and D O T  
profiles of both of these organisms are also very similar (figure 7.8).
Thus these organisms seem to respond in a similar fashion to carbon 
limitation as is demonstrated by their similar profiles of biomass, antibiotic 
formation, p H  and D O T .
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Figure 7.8, Biomass formation and glucose utilisation profiles of S. 
hygroscopicus throughout the time course of a carbon limited (glucose) culture.
The major difference between these two organisms however is that 
the appearance of peak biomass and the lytic phase of S .  h y g r o s c o p i c u s  in 
this medium was observed sooner than that demonstrated in S a c c .  
e r y t h r a e a .  Also w e  again see a long lag phase in S .  h y g r o s c o p i c u s  and 
this was previously observed in die nitrogen limited culture studies. This 
again seems to indicate that this medium is not optimal for S .  
h y g r o s c o p i c u s .
Figure 7.9, pH and DOT profiles in a carbon limited (glucose) culture of S.
hygroscopicus.
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Spores were not detected and the pigment seen in the nitrogen 
limited cultures was also not present. Thus the production of the pigment 
seems to be a nitrogen limited phenomenon.
3
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Figure 7.10, Specific rate of DNA synthesis in comparison to biomass 
throughout a carbon limited (glucose) culture of S. hygroscopicus. Rate of MMS was 
measured as mg of thymine incorporated per minute per gram of biomass.(Scale 0 to 
5x10+ mg/min/g).
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Figure 7.11, Specific rate of RNA synthesis in comparison to biomass 
throughout a carbon limited (glucose) culture of S. hygi'oscopicus. Rate of MMS was 
measured as mg of uracil incorporated per minute per gram of biomass.(Scale 0 to 
3x10+ mg/min/g).
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Figure 7.12, Specific rate of protein synthesis in comparison to biomass for 
S. hygroscopicus throughout the time course of a carbon limited (glucose) culture. 
Rate of MMS was measured as mg of leucine incorporated per minute per gram of 
biomass.(Scale 0 to 1.2xl(H mg/min/g).
High levels of macromolecular synthesis were observed during the 
lag phase (figures 7.10, 7.11 &  7.12). This was also observed in the 
nitrogen limited cultures and was possibly due to adaptation to the 
medium. However, once growth commenced a rapid decrease in all rates 
of macromolecular synthesis was evident. This m a y  have been due to the 
shutdown of these mechanisms as a means of increasing turnover of 
intracellular carbon because the rapid depletion of glucose in the medium.
The rates of macromolecular synthesis reached their lowest point 
during cell lysis when the glucose supply was exhausted and the recovery 
in macromolecular synthesis rates observed in the nitrogen limited cultures 
was not duplicated in this case.
S u m m a r y
These results were very similar to those observed in the carbon 
limited cultures of S a c c .  e r y t h r a e a  and again demonstrated that these 
organisms respond in very similar ways to nutrient limiting conditions.
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W o r k  by Riesenberg e t  a l . , (1984) in S .  h y g r o s c o p i c u s  has
demonstrated that carbon or nitrogen limitation causes a decrease in R N A  
and protein accumulation. Thus this confirms our observation of R N A  and 
protein synthesis decreasing during nutrient limitation. K u m m e r  &  
Kretschmer (1986) showed that D N A ,  R N A  and protein synthesis in 
streptomycetes is linked to growth rate and so the growth rate will change 
as the macromolecular synthesis rate changes. These are not surprising 
result as biomass is composed of macromolecules and so growth rate and 
macromolecular syndiesis rate must be closely linked.
This work does suggest that die relationship between
macromolecular synthesis rate and antibiotic production in S a c c .  e r y t h r a e a  
is applicable to other streptomycetes. The similar profiles of
macromolecular synthesis in S a c c .  e r y t h r a e a  and S .  h y g r o s c o p i c u s  in 
both carbon and nitrogen limiting conditions was demonstrated. These 
results can be explained in tenns of a changing population of hyphae 
within the bioreactor. Where highly branched, actively growing forms of 
hyphae witii a high M M S  rate are prevalent in nutrient sufficient 
conditions. This population will decrease as the concentration of the 
growth limiting substrate decreases, hi such conditions, infrequently 
branched hyphal forms with a low M M S  rate will be prevalent.
Similar results have been presented by Granozzi e t  a l ., (1990) for S .  
c o e l i c o l o r .  In S .  c o e l i c o l o r  however, the profiles of macromolecular 
synthesis rate were similar to tiiose observed in S a c c .  e r y t h r a e a  and S .  
h y g r o s c o p i c u s  when grown in a nitrogen limited medium. This would 
seem to indicate that the medium used by Granozzi e t  al., in their 
experiments on S .  c o e l i c o l o r  was nitrogen limited.
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The rates of macromolecular synthesis for S .  c o e l i c o l o r  (Granozzi e t  
a l . , 1990) was measured during growth on a solid medium. This 
demonstrated that the macromolecular synthesis rates increased when the 
growth limiting substrate became exhausted and this coincided with spore 
formation. Such an increase in macromolecular synthesis rate was also 
found to coincide with the submerged spore formation of S a c c .  e r y t h r a e a . 
hi S .  h y g r o s c o p i c u s  however, the increase in macromolecular synthesis 
rate was quite low and spores were not formed. The increase in M M S  rate 
is therefore either an indication that cryptic growth is occurring or that the 
recovery in M M S  observed is due to accumulation of the radiolabelled 
precursors into die organisms intracellular pools.
W h e n  S .  h y g r o s c o p i c u s  was grown on agar in the nitrogen limited 
medium, spore formation was observed. This seems to suggest that the 
liquid environment prevents the formation of spores. The inability of S .  
h y g r o s c o p i c u s  to sporulate in the nitrogen limited medium m a y  have been 
a consequence of some missing nutrient or was die result of some type of 
hyphal morphology not being sustainable in a liquid environment. In other 
words the equivalent of the aerial mycelium is not produced in a liquid 
environment
To summarise, these streptomycetes exhibit similar 
profiles of macromolecular synthesis in the same nutrient limiting 
conditions. In bodi carbon and nitrogen limited conditions a decrease in all 
rates of macromolecular synthesis was observed and this reached a 
minimum level when die growth limiting substrate reached zero. This was 
thought to be due to a change in the hyphal population. After this the 
profile differed depending on the nature of the growth limiting substrate. In 
the case of carbon (glucose) as the growth limiting substrate, the
134
organisms lysed and macromolecular synthesis was no longer detectable. 
In the case of nitrogen (nitrate) as the growth limiting substrate, an 
increase in macromolecular synthesis was observed after the substrate 
nitrogen concentration reached zero. This increase continued until the 
substrate carbon reached zero. It was speculated that this increase in 
macromolecular synthesis rate was a consequence of spore formation and 
this has been partly confirmed by similar observations in S .  c o e l i c o l o r .  The 
production of antibiotics increased in both S a c c .  e r y t h r a e a  and S .  
h y g r o s c o p i c u s  when die rates of macromolecular synthesis decreased. As 
such this m a y  be an effective physiological marker of secondary 
metabolism. In the case of sporulation however the increase in 
macromolecular synthesis was due to the formation of spores rather than 
sporulation being induced by a change in the macromolecular synthesis 
rates.
Thus, the change in macromolecular synthesis rates in a nitrogen 
limited environment appears to be a consequence of spore formation or 
cryptic growth. It is suggested that a rapid drop in macromolecular 
synthesis rate due to exhaustion of the growth limiting substrate would be 
an effective switch to induce secondary metabolite formation. This 
question will be addressed in the next chapter.
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t R N A  Experiments
In die previous work w e  have demonstrated that nutrient limitation 
caused similar profiles of macromolecular synthesis in one 
S a c c h a r o p o l y s p o r a  species and one S t r e p t o m y c e s  species.
W e  have shown tiiat the rates of macromolecular synthesis were 
sensitive to nutrient limitation and have also demonstrated that die process 
of antibiotic production was sensitive to nutrient limiting conditions in both 
organisms. Thus there m a y  be some link between macromolecular 
synthesis rate and antibiotic production. W e  have previously suggested 
that macromolecular synthesis rates are excellent markers of an organisms 
physiological state and as such m a y  be involved in initiating processes 
such as secondary metabolism.
If this is the case, then the modulation of these rates would affect or 
induce antibiotic production. Our results suggested that a sudden decrease 
in protein synthesis rate is associated witii the onset of secondary 
metabolism. Therefore the addition of a protein synthesis inhibitor could 
induce antibiotic production and/or ‘sporulation’. This has been previously 
demonstrated in the latter case in work by Ochi (1987a) and Glazebrook e t  
a l ., (1990) w h o  showed that the antibiotic decoynine caused submerged 
spore formation. The ability of some antibiotics to effect differentiation in 
streptomycetes has also been demonstrated for the antibiotics rifamicin 
(Salas e t  a l ., 1985), pamamycin and chloramphenicol (McCann &  Pogell, 
1979).
The work presented (figure 8.0) here seemed to suggest that the 
d o w n  regulation of protein synthesis induces secondary metabolism. The 
data presented in figure 8.0, shows the rates of macromolecular synthesis
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Figure 8.0, Profiles of MMS for Sacc. erythraea when grown in a nitrogen limited 
(nitrate) and a carbon limited (glucose) medium. The time at which erythromycin is 
first detected in the culture is indicated on the graphs.
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for S a c c .  e r y t h r a e a  when grown in a carbon and a nitrogen limited 
medium. If these rates ( M M S )  are compared to the onset of erythromycin 
production, the rate of macromolecular synthesis shows a dramatic 
decrease at the start of antibiotic production (see figure 8.0) and this 
decrease m a y  be due to a change in the population throughout the time 
course of a fermentation or m a y  be due to an accumulation of inactive 
biomass. The decrease in protein synthesis could therefore be taken to be a 
consequence of the increase in biomass.
Figure 8.1, The relationship between the pools of tRNA and the stringent 
response. The possible effects of the addition of a protein synthesis inhibitor is marked 
by an X and the possible effects of ppGpp is marked by question mark.
W e  suggested on this evidence that a down regulation of protein 
synthesis induces secondary metabolism. However, the addition of protein
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synthesis inhibitors (streptomycin sulphate, to which S a c c .  e r y t h r a e a  is 
sensitive in this case) to S a c c h a r o p o l y s p o r a  e r y t h r a e a  failed to induce 
antibiotic formation. The reason for this m a y  be due to the inhibitor 
effecting not only protein synthesis but also t R N A  levels. T w o  pools of 
t R N A  are present within the cell (Figure 8.1). One of these is 'uncharged 
tRNA' (tRNA) which is then 'charged' by the addition of an amino acid to 
make the second pool which is known as aminoacyl-tRNA or charged 
t R N A  (aatRNA).
These two pools are dynamic as t R N A  (uncharged) is constantly 
'charged' by the addition of an amino acid while the aatRNA is 
constantly 'uncharged' due to protein synthesis. W o r k  by Rojiani e t  a l ., 
(1989) in E .  c o l l  has shown the importance of t R N A  pool size in inducing 
cellular processes. Studies by Haseltine &  Block (1973) have shown that 
there is a link between t R N A  and the ‘stringent response5 and Ochi (1986) 
has shown links between the stringent response and secondary 
metabolism. However, work by Strauch e t  a l . , (1991) has shown that 
ppGpp accumulation (stringent response) is not the sole signal for 
secondary metabolism and m a y  merely be a precondition. In the 'stringent 
response' it has been observed that conditions of nutrient limitation cause 
an increase in the levels of uncharged t R N A  in the cell. This high 
concentration of uncharged t R N A  allows ppGpp formation to take place 
and this event is closely associated with the occurrence of secondary 
metabolism. Thus changes in t R N A  concentration and antibiotic formation 
m a y  be closely linked.
It is suggested that the addition of a protein synthesis inhibitor to an 
organism prevents the uncharging of aatRNA due to the reduced demand 
for amino acids in protein synthesis. Therefore the ratio of aatRNA:tRNA
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is radically changed as t R N A  is still being converted to aatRNA but 
a atRNA is not being converted back to tRNA. The work by Rojiani e t  a l ., 
(1989) indicated that it was not the absolute level of a atRNA and t R N A  
that was important in eliciting the stringent response but rather it is the 
ratio of aatRNA:tRNA that was important.
In the following experiments the levels of t R N A  and aatRNA 
throughout cultures of S a c c .  e r y t h r a e a  in a nitrogen limited and a carbon 
limited medium were analysed. These levels were also detennined in 
nitrogen limited conditions when a protein and a D N A / R N A  synthesis 
inhibitor had been added separately.
The method used to measure levels of t R N A  is described in the 
'Materials and Methods' section (protocol in Appendix 3) and is a 
modification of the techniques used by Lovgren e t  a l . , (1975) and Andrulis 
&  Arfin (1979).
-♦Biomass 
+Erythromycin
t R N A  Levels In A  Nitrogen Limited M e d i u m
Typical profiles of biomass and erythromycin for S a c c .  e r y t h r a e a  in 
a nitrogen limited medium were observed (figure 8.2).
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Figure 8.2, Profiles of Biomass and Erythromycin throughout a nitrogen 
limited (nitrate) culture of Sacc. etythraea.
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A s  the rate of protein synthesis decreased (Figure 8.5) the concentration of 
aatRNA (figure 8.3) also decreased and therefore the t R N A  (uncharged) 
concentration increased. The total t R N A  concentration (figure 8.4) 
effectively stays constant throughout the time course of the culture. This 
would seem to mean that the total cellular t R N A  concentration remains 
constant irrespective of conditions or the physiological state of the 
organism.
If w e  consider these results in terms of the stringent response this 
result is to be expected. In the ’stringent response’ it is known that 
conditions of nutrient limitation cause an increase in uncharged t R N A  
levels due to the lack of availability of amino acids with which to charge 
the tRNA, This increase in uncharged t R N A  causes die production of 
ppGpp which supposedly effects a dow n  regulation of protein synthesis 
(see figure 8.1) by preventing the formation of n e w  ribosomes. The 
decrease in aatRNA also means that w e  have less amino acids available 
with which to make n e w  proteins. Therefore protein synthesis is reduced 
both directly and indirectly by t R N A  level.
Time (Hours)
Figure 8.3, Profiles of tRNA throughout a nitrogen limited (nitrate) culture 
of Sacc. erythraea. In the key aatRNA denotes the concentration of'charged tRNA' 
and tRNA denotes the concentration of'uncharged tRNA1 and ‘Total tRNA’ denotes 
the concentration of all tRNA, charged and uncharged..(Scale 0 to 1.6xl0-3)
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Figure 8.4, Specific level of total tRNA (charged and uncharged) and the 
ratios of aatRNA:tRNA throughout a nitrogen limited fermentation of Sacc. erythraea,
Time (Hours)
Figure 8.5, Specific rate of protein synthesis in comparison with biomass in a 
nitrogen limited (nitrate) culture of Sacc. erythraea. Rate of protein synthesis is 
expressed in units of mg of leucine incorporated per minute per gram of biomass.
Thus the profiles of t R N A  observed were a result of nutrient limitation and 
caused a decrease in protein synthesis. W o r k  by Rojiani e t  a l . , (1989) in E .  
c o l i  states that it is not the concentrations of a atRNA or t R N A  that is 
important in starting ppGpp production but it is rather the ratio of aatRNA 
to t R N A  that is vital. Rojianis' work showed that when the ratio of
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aatRNA:tRNA falls below 0.2-0.1, ppGpp production occurs. O n  
reflection, the measurement of ppGpp levels in our experiments would 
have helped us to ascertain the importance of t R N A  levels in secondary 
metabolism.
O n  calculating the ratios of t R N A  in our experiments w e  found that 
a decrease in the ratio to between 0.2-0.1 occurred after 37 hours (figure 
8.4) of the experiment and this coincided with the appearance of 
erythromycin. Thus w e  see a relationship between t R N A  ratios and 
secondary metabolism.
The graphs show that in the later stages of the culture an increase in 
a atRNA concentration (and a drop in t R N A  concentration) was observed 
after the nitrate supply was exhausted. This coincided with the increase in 
protein synthesis typically seen at this point. A n  anomaly in these results is 
the increase in charged t R N A  (aatRNA) and protein synthesis seen after 
62 hours of the culture (figures 8.3 &  8.5). If protein synthesis increases 
w e  might expect the level of charged t R N A  (aatRNA) to decrease (or stay 
low) as it is consmned in the synthesis of proteins. However, a low 
a a t R N A  concentration m a y  limit the rate of protein synthesis because there 
is an insufficient pool of amino acids to meet the demand for protein 
production. Therefore, to maintain a high protein synthesis rate a cell 
would maintain a large pool of charged t R N A  to sustain the process.
t R N A  Levels In A  Carbon Limited Medium.
Typical biomass and erythromycin curves for growth in this medium 
are presented in figure 8.6. The data presented in figures 8.7 and 8.9 
showed a decrease in protein synthesis rate and a a t R N A  levels. The
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conditions of nutrient limitation caused an increase in uncharged t R N A  
levels due to the lack of availability of amino acids with which to charge
Time (Hours)
Figure 8.6, Profiles of biomass and erythromycin in a carbon limited 
(glucose) culture of S. erythraea.
the tRNA. This increase in uncharged t R N A  causes the production of 
ppGpp which supposedly effects a d o w n  regulation of protein synthesis 
(see figure 8.9) by preventing the formation of n e w  ribosomes. The 
decrease in aatRNA also means that w e  have less amino acids available 
with which to make n e w  proteins. Therefore protein synthesis is reduced. 
W h e n  the ratio of aatRNA:tRNA was calculated, the production of 
erythromycin was again found to coincide with a drop in the ratio to 
between 0.2-0.1 (figure 8.8). Thus, this experiment confirmed die 
observations in the nitrogen limited medium and indicated that the effects 
seen by Rojiani e t  a l ., (1989) m a y  be extremely significant. At the later 
stages of the carbon limited culture, there is no increase in protein 
synthesis after the carbon supply was exhausted and this was confirmed in 
our previous experiments in this medium.
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Figure 8.7, tR N A  p ro f ile s  fo r  Sacc. erythraea in  a ca rb o n  l im ite d  (g lu co se ) 
c u ltu re . I n  th e  above  k e y  a a tR N A  deno tes  th e  c o n c e n tra tio n  o f  'cha rged  t R N A ' , tR N A  
deno tes  th e  c o n c e n tra tio n  o f  'u n ch a rg e d  tR N A ' and T o ta l tR N A  deno tes  th e  
c o n c e n tra tio n  o f  a ll tR N A , cha rged  o r  o th e rw ise . tR N A  is  m easured  in  u n its  o f  m g  o f  
le u c in e  in c o rp o ra te d  p e r g ra m  o f  b iom ass, (ra n g e  0  to  2x1  O'3)
xle-3
OS
Figure 8.8, S p e c if ic  le v e l o f  to ta l tR N A  (ch a rg e d  and u n ch a rg e d )a n d  th e  ra t io s  
o f  a a tR N A . tR N A  in  a ca rb o n  lim ite d  c u ltu re  o f  Sacc. erythraea.
Subsequently there was no observed increase in aatRNA levels and the 
concentration of uncharged tRNA also decreased (figure 8.7). This 
decrease in uncharged tRNA concentration was probably due to turnover 
of RNA by die cell due to the conditions of carbon limitation. The total
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tRNA concentration appears to constantly decrease in carbon limited 
conditions and this is in contrast to the results in the nitrogen limited 
medium where the level appears to remain constant (figure 8.8). The 
decrease in total tRNA also infers that there is an increase in turnover of 
RNA in the cell.
Time (Hours)
Figure 8.9, P ro te in  syn thes is  ra te  p ro f ile  fo r  Sacc. erythraea in  a c a rb o n  
lim ite d  (g lu c o s e ) c u ltu re . P ro te in  syn thes is  is m easured  as m g  o f  le u c in e  in c o rp o ra te d  
p e r m in u te  p e r g ra m  o f  b iom ass.
These experiments demonstrated the typical profiles of aatRNA and 
tRNA in various nutrient limiting conditions. The aim of these experiments 
was to ascertain the effects of adding antibiotics in sub-lethal 
concentrations to Sacc. erythraea  and assessing there effects 011 tRNA 
levels and antibiotic production. It was decided to assess the effects of die 
protein synthesis inhibitor Streptomycin Sulphate and the DNA/RNA 
synthesis inhibitor Actinomycin D on Sacc. erythraea  in a nitrogen 
limited environment. Thus the data from die previous experiment in the 
nitrogen limited medium can act as a control. The reason for including the 
addition of Actinomyein D as an experiment is to see if the effects 
observed are due to the site of action of the antibiotics or are due to just
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adding antibiotics p e r  se. Actinomycin D inhibits DNA and RNA synthesis 
and so will also reduce protein synthesis as a consequence of this.
Addition Of A Protein Synthesis Inhibitor
hi this experiment Sacc. erythraea  was grown in a nitrogen limited 
medium to which a sub-lethal concentration of streptomycin sulphate 
(0.003125 g.1-1) is added after 11 hours of the culture. It is important that 
in this and the next experiment, that the antibiotic is added before we get 
erythromycin production in the culture.
Figure 8.10, B io m a ss  and e ry th ro m y c in  p ro f ile s  in  a n itro g e n  l im ite d  
(n itra te )  c u ltu re  o f  Sacc. erythraea w h e n  a p ro te in  syn thes is  in h ib ito r  is  added  a t t im e  
11 h ou rs .
There was a long lag phase (Figure 8.10) lasting about 40 to 50 
hours. After this time a normal biomass curve was seen with levels of 
biomass and erythromycin typical for a nitrogen limited culture. The 
production of erythromycin was also delayed and none was seen until after 
approximately 40 hours.
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Figure 8.11, (a) T h e  sp e c ific  c o n c e n tra tio n s  o f  tR N A  in  a n itro g e n  l im ite d  (n itra te )  
c u ltu re , (range 1 to 1.6x10 3)  .(b) T h e  same c u ltu re  b u t w ith  a p ro te in  synthesis  
in h ib ito r  added a t t im e  11 hou rs . In  th e  g raphs a a tR N A  deno tes  'cha rged  tR N A ' w h ile  
tR N A  d e no te  'uncharged  tR N A '.  tR N A  is m easured in  u n its  o f  m g  o f  le u c in e  
in c o rp o ra te d  p e r g ra m  o f  b iom ass, (range 0 to 2.5xl0'3).
In figure 8.11, the levels of tRNA in comparison with those expected in a 
normal nitrogen limited medium are presented. Before the streptomycin 
sulphate was added (at 11 hours) the concentrations of aatRNA and tRNA 
were similar to those observed in previous experiments, where there was a 
decrease in aatRNA concentration and an increase in tRNA concentration
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due to the down regulation of protein synthesis. When the streptomycin 
was added the concentration of tRNA drops to an extremely low level and 
the concentration of aatRNA began to rise. This demonstrates that the 
effects of streptomycin are transitory and this is what we would expect if 
an antibiotic is added in sub-lethal concentration. In figure 8.12, we 
observe that the addition of streptomycin caused a rapid drop in the protein 
synthesis rate. This confirmed that the antibiotic was having an affect. If 
we refer to the model in figure 8.1 this result is as expected. The 
streptomycin added inhibits protein synthesis and therefore the amino 
acids attached to the aatRNA are not utilised. Because of this the levels of 
uncharged tRNA dropped as none is being produced by the uncharging of 
the aatRNA in the course of protein synthesis. After approximately 30 
hours of the culture (20 hours after the streptomycin is added) we see that 
the effect of the streptomycin is beginning to 'wear off and normal trends 
of tRNA return.
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Figure 8.12, T h e  sp e c ific  ra te  o f  p ro te in  syn thesis in  co m p a r is o n  w ith  
b iom ass in  a n itro g e n  lim ite d  (n itra te )  c u ltu re  o f  Sacc. erythraea w h e re  a p ro te in  
syn thes is  in h ib ito r  is  added a t t im e  11 hou rs . P ro te in  syn thesis ra te  is  expressed as m g  
o f  le u c in e  in c o rp o ra te  p e r m in u te  p e r g ra m  o f  b iom ass.
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Erythromycin was not produced in this experiment until after 40 
hours and it is not until this time when we see a ratio of aatRNA:tRNA of 
between 0 .2-0 .1.
hi previous experiments the decrease in protein synthesis rate as 
caused by nutrient limitation was associated with a change in tRNA ratios 
and it was this change in ratio which was linked with antibiotic formation. 
The addition of a protein synthesis inhibitor caused a down regulation of 
protein synthesis but did not affect the type of change in tRNA ratios that 
is associated with a nutrient limiting down regulation of protein synthesis. 
The problem we are dealing with is one of cause and effect. It is not 
protein synthesis that affects tRNA ratios but vice versa. Thus the use of 
antibiotics to induce secondary metabolism would be better aimed at 
tRNA charging rather than protein synthesis.
Addition Of A DNA Synthesis Inhibitor
hi this experiment the DNA synthesis inhibitor Actinomycin D, was 
added in a sub-lethal concentration (0.00156 g.H) after 9 hours of a 
nitrogen limited culture of Saccharopolyspora  erythraea.
Time (Hours)
Figure 8.13, T h e  b iom ass and e ry th ro m y c in  p ro f ile s  fo r  Sacc. erythraea in  
a n itro g e n  l im ite d  (n itra te )  m e d iu m  w ith  a D N A  synthesis in h ib ito r  added  a t 9 hou rs .
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Figure 8.14, (a) T h e  co n c e n tra tio n s  o f  tR N A  in  a n itro g e n  l im ite d  (n itra te )  
c u ltu re  o f  Sacc. erythraea. (b) T h e  c o n c e n tra tio n s  o f  tR N A  fo r  g ro w th  o f  th e  same 
o rg a n ism  in  th e  same m e d iu m  e xce p t th a t a D N A  synthesis  in h ib ito r  is  added a t t im e  9 
h ou rs . In  th e  g raphs  a a tR N A  deno tes  'cha rged  tR N A ' and tR N A  deno tes  'uncharged  
tR N A '.  tR N A  is m easured  in  u n its  o f  m g  o f  le u c in e  in c o rp o ra te d  p e r g ra m  o f  b iom ass, 
(ra n g e  0 to  2 .0 x 1 0 ‘3).
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It should be noted that Actinomycin D is an inhibitor of DNA and RNA 
synthesis. This will also affect protein synthesis and so this antibiotic will 
affect a wide range of MMS rates. In this experiment an extremely long 
lag phase (Figure 8.13) was evident and this lasted for approximately 80 
hours after which growth commenced. The concentration of biomass in 
this culture was also high and peaked at about 9.5 g.H. The level of 
erythromycin was similar to those recorded in other nitrogen limited 
fermentation’s but the high levels of biomass observed in this experiment 
means that die specific levels of erythromycin produced was in fact lower. 
The point of erydiromycin production however occurred after the long lag 
phase .
Addition of Actinomycin D caused a low concentration of both 
aatRNA and uncharged tRNA with both types of tRNA present in roughly 
equal concentrations (Figure 8.14). Thus, Actinomycin D did not appear to 
have an effect on one particular type of tRNA as was apparent in the 
streptomycin results. The effect observed was probably due to inhibition of 
RNA synthesis by Actinomycin D. After 70 hours, a recovery in aatRNA 
and tRNA levels was evident and profiles associated with normal growth 
in die nitrogen limited medium were observed. This demonstrates that the 
antibiotic had only a transitory effect due to it being present only in sub- 
lethal concentrations. The production of erythromycin in this experiment 
also coincided with a drop in the tRNA ratio to below 0.2-0.1. Thus, 
Actinomycin D, seemed to cause a wide ranging suppression of all rates of 
macromolecular synthesis. The down regulation of DNA and RNA 
synthesis caused by the addition of Actinomycin D caused a severe 
reduction in growth as was demonstrated by the long lag phase. This 
reduction in growth means that the activity of the protein synthesis
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machinery in the cell will also be low. Therefore, the demand for amino 
acids will be reduced and the activities of charging tRNA will also be 
reduced. The Actinomycin D will also cause a low protein synthesis rate 
due to the reduction in mRNA synthesis. The effect of DNA and RNA 
synthesis inhibition is to reduce all cellular activities and as such we do not 
get a sudden change in one discreet pool of tRNA. In the case of protein 
synthesis inhibition we do get a change in discreet pools of tRNA as the 
effect is specific to certain areas of metabolism rather than all areas as is 
the case in DNA and RNA synthesis inhibition when Actinomycin D is 
used.
Summary
This work has shown the possible role of the ratio of 
uncharged:charged tRNA in the induction of secondary metabolism. It has 
also shown that down regulation of protein synthesis without a 
corresponding change in die tRNA ratio does not induce antibiotic 
production.
Ochi's (1986, 1987a, 1988) studies into stringent response implied 
that the an increase in ppGpp concentration was connected with 
secondary metabolism and diat a decrease in GTP concentration was 
connected with spore formation. This work has been challenged due to 
evidence that changes in concentration of these molecules in some 
Streptom yces spp. (Glazebrook et al, 1990., Bascaran et al, 1991., Strauch 
et al, 1991) is not enough to induce sporulation or secondary metabolism. 
Identification of the stringent response in Streptom yces spp. by 
measurement of GTP and ppGpp, helps to identify a particular 
physiological state of die organism. The measurement of tRNA ratios may
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be a more suitable means of identifying particular physiological states of 
the organism.
With regards to sporulation, a change in tRNA ratio or level does 
not appear to play any role in the initiation of this process and the results 
suggest that some factor which is involved in triggering spore formation 
may also be involved in causing an increase in tRNA production and hence 
protein synthesis.
However future work in this area would have to address the 
problems of ascertaining the exact role of tRNA concentration in the 
initiation of secondary metabolic processes. In particular a means of 
modulating die levels of charged and uncharged tRNA must be found 
which do not affect other areas of metabolism. The fact that this work 
agrees with the results of Rojiani et a l., (1989) is encouraging and hopefully 
confirms the need for further study in this area.
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D iscussion
This work has shown that secondary metabolism occurs during 
conditions of nutrient limitation. We have also shown that in one organism 
(Sacc. erythraea), specific forms of nutrient limitation support the 
formation of sonic resistant bodies. It is our opinion that these bodies are 
the result of incomplete spore formation due to growth in liquid culture. In 
the absence of conclusive data to prove that these bodies are spores we 
have referred to these bodies as ‘sonic resistant units’ .
From a genetic aspect the two processes of sporulation and 
secondary metabolism are independent of each other yet are responsive to 
similar conditions. In Sacc. erythraea  we have shown that although both 
of these systems are supported in nutrient limiting conditions the type of 
nutrient limitation may also be an important factor.
In Sacc. erythraea  and S. griseus (Table 9.1) it has been shown 
that although most nutrient limiting conditions support secondary 
metabolism and sporulation the result of carbon limitation tends to support 
only secondary metabolism.
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Sac&  erythraea
Nitrogen
A+S
i;Phospiwte:;i;;: Carbon
A only
S. griseu s A+S ffiiilSBSii! A only
Table 9.1, T h e  e ffe c t o f  d iffe re n t fo rm s  o f  n u tr ie n t l im ita t io n  on  tw o  
s tre p to m yce s . T h e  'A ' deno tes  a n tib io t ic  p ro d u c t io n  and 'S' deno tes  spo re  fo rm a tio n  in  
th e  p a r t ic u la r  c o n d it io n .
There is no obvious answer which explains why this should be the 
case, however, it may be that there is some necessary factor missing from 
the carbon limited situation or it may be that a carbon limited environment 
simply does not have enough raw materials available to allow spore 
formation to take place.
Ochi (1986) speculated that secondary metabolism is induced by an 
increase in ppGpp levels while sporulation is induced by a decrease in 
GTP level. The level of GTP within a cell is linked to nutrient depletion 
and it has been demonstrated that nutrient depletion (Huber et al., 1987 
and Granozzi et a l., 1990) is not an absolute requirement for sporulation. 
This type of work demonstrates that the extracellular conditions for 
initiating an intracellular process are not absolute. The nutritional condition 
of the environment is just the start of a long cascade of reactions and work 
analysing the next steps in the cascade needs to be done before the 
physiology of these processes is properly understood.
Sporulation and secondary metabolism occur at specific points of 
the streptomyces life cycle. Thus the organism must have some means of 
assessing its physiological state (Figure 9.2) and triggering spore 
formation or secondary metabolism on the basis of this physiological state.
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Ideally the organism should be able to assess what nutrients are 
entering the cell, what nutrients are being used by the cell and when these 
nutrients will become exhausted.
Physiological Assessment Criterion 
Nutrients In Nutrients Out
Rate of Uptake Rate of Synthesis 
of DNA, RNA, Protein
When Nutrients Exhausted
Utilisation Rate - Synthesis Rate 
aatRNA: tRNA
Figure 9.2, P o ss ib le  c r ite r io n  used  b y  an o rg a n ism  in  th e  assessm ent o f  its  
p h y s io lo g ic a l state.
Our experiments have analysed the rates of macromolecular 
synthesis (MMS) and the levels of aminoacyl-tRNA (aatRNA) and 
uncharged tRNA (tRNA). We can speculate that these gross metabolic 
processes act as markers of die physiology of the organism and can 
demonstrate the occurrence of certain events such as substrate depletion or 
cryptic growth.
During the initial growth of the organism (Figure 9.3) in non­
limiting conditions we have high levels of protein, DNA and RNA 
synthesis. We also observe high level of aatRNA and this is required to 
support die high levels of protein synthesis that are occurring.
As the level of the growdi limiting substrate (‘gls’) decreases, the 
rate of macromolecular synthesis also decreases. The observation of this 
drop in macromolecular synthesis rate is not too surprising as it is known 
that nutrient limitation causes a drop in growdi rate and growth is the 
syndiesis of DNA, RNA and protein (Kummer & Kretschmer, 1986).
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Growth of the organism in a fermenter can be explained in terms of 
changing populations (Martin, Thesis, 1994). During growth phase the 
population consists mainly of highly branched hyphal forms which have a 
high MMS rate. This is because macromolecular synthesis occurs mainly 
in the tip of the hyphae. When the growth limiting substrate becomes 
depleted the population will change such that infrequently branched hyphal 
forms (with a low MMS rate) will be more common. Thus the culture will 
have a low MMS rate due to a decrease in concentration of the high MMS 
rate population. This change in population has been demonstrated by
Figure 9.3, R e p re s e n ta tio n  o f  th e  fa te  o f  n u tr ie n ts  d u r in g  n o n -n u tr ie n t 
l im ite d  g ro w th , C ,N , and P re p re se n t ca rbon , n itro g e n  and p h o sp h a te  re sp e c tive ly .
Martin (Thesis, 1994) and Lynch (unpublished data) in this laboratory. 
They have demonstrated that during high growth rate a culture will contain 
a population of hyphae which consists mainly of frequently branched 
hyphal forms. This population will change, as the growth rate decreases, to 
favour the formation of large, infrequently branched hyphal forms.
In the stringent response a reduction in RNA and protein synthesis 
occurs as a result of nutrient limitation. This also ties in with the decrease
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in aatRNA level observed, as a reduction in nutrient concentration will 
cause a decrease in die concentration of amino acid pools for the charging 
of tRNA. At the point of growth limiting substrate exhaustion (Figure 9.4) 
a turning point in the physiology of the organism occurs. When carbon or 
nitrogen is the growth limiting substrate we see a decrease in the 
macromolecular synthesis rate until a minimum is reached when the 
growth limiting substrate is exhausted. The decrease in concentration of 
the growth limiting substrate also causes a change in aatRNA:tRNA ratio 
such tiiat the concentration of aatRNA is low and die concentration of 
tRNA is high. A close correlation between secondary metabolism and 
tRNA ratios is observed and implies that diere is a link between the two. 
This observation leads to the proposal that stringent response (involving 
induction of ppGpp synthesis) may be involved in the induction of 
secondary metabolism.
However, once the growth limiting substrate is exhausted we see a 
difference in the behaviour of die organism in die two media. When 
nitrogen is the growth limiting substrate and becomes exhausted a 
significant increase in macromolecular synthesis is observed. There is also 
a slight increase in aatRNA evident and this is probably needed to fuel the 
increased level of protein synthesis. This increase in macromolecular 
synthesis rate was observed by Granozzi et al., (1990) in S. coe lico lor , 
who demonstrated that an increase in macromolecular synthesis rate was 
associated with the formation of aerial hyphae and spores when growing 
on a solid medium. Thus the increase in macromolecular synthesis 
obseived at growdi limiting substrate exhaustion is indicative of 
sporulation. This increase is also indicative of cryptic growth. The data 
from die Sacc. erythraea  experiments has led us to believe that the
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increase in MMS we observe is due to spore formation. However, we 
cannot prove conclusively that the structures we observe are spores. In S. 
hygroscop icus we did not see spore formation and so the observed 
increase in MMS is an indication of cryptic growth at this stage of the 
culture.
Figure 9.4, Representation of the physiological processes occurring within 
an organism when the growth limiting substrate is exhausted. C, N  & P represent 
carbon, nitrogen and phosphate respectively.
The result tends to show that an increase in macromolecular 
synthesis rate is a consequence of sporulation rather than sporulation being 
a result of an increase in macromolecular synthesis rate. This would seem 
to indicate that the whole sporulation process is induced by some other 
process and that the increase in macromolecular synthesis rate is induced 
to provide die spore components.
Macromolecular synthesis rate and tRNA level all respond to 
nutrient limitation and all have a minimum level when the growth limiting 
substrate becomes exhausted. We also have observed a close correlation
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between the point of growth limiting substrate exhaustion with the ratio of 
aatRNA:tRNA and the induction of secondary metabolism.
Working on the principle that the decrease in macromolecular 
synthesis rates may act as a trigger for secondary metabolism we 
modulated the rates of synthesis of macromolecules by the addition of 
antibiotics to specifically reduce DNA or protein synthesis rate. This 
approach proved unsuccessful and the decrease in macromolecular 
synthesis did not cause erythromycin synthesis to commence. However, 
this work did confirm previous observations that when an aatRNA:tRNA 
ratio of between 0 .1-0.2 is achieved erythromycin production begins.
Previous work in E. coli (Rojiani et a l , 1989) has shown that a 
tRNA ratio of 0.1-0.2 is associated with ppGpp production and we have 
shown that such a ratio is associated with erythromycin production. 
However, to show a true relationship between stringent response, tRNA 
levels and erythromycin formation we would have to analyse for ppGpp. In 
the absence of this data we can only assume that the stringent response did 
occur.
To summarise, our results have shown a relationship between 
nutrient limitation tRNA levels and secondary metabolism. However, we 
have not yet come up with any satisfactory explanation as to the effects of 
different forms of nutrient limitation on sporulation. We have shown that 
conditions of nitrogen and phosphate limitation will induce the formation 
of ‘sonic resistant units’ in Sacc. erythraea  while carbon limitation will 
not. One possible explanation for this may be as follows. If we compare 
the activities of the organism in these media we see that in the carbon 
limited environment we get little or no storage of materials in comparison 
to growth in a nitrogen or phosphate limited environment.
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In a nitrogen or phosphate limited environment the organism can 
survive by recycling its own nitrogen or phosphate by using the carbon 
from the environment to fuel this process. Thus when nitrogen or 
phosphate exhaustion occurs energy in the form of carbon is available to 
fuel recycling processes and allows the organism to mobilise materials for 
hyphal growth to discover new nutrient sources and spore formation to 
spread the organism further afield, hi a carbon limited environment this 
sort of recycling is more difficult to sustain as carbon is needed for both 
materials and energy. In my opinion a carbon limited situation is so 
restrictive that spore fonnation is not possible due to the demands on 
carbon for energy and materials, being greater than the cell can support. 
Thus in a carbon limited environment the organism grows to find new 
nutrient sources and does not spomlate.
An effective signal to differentiate between these two situations 
(carbon high or carbon low) would be the utilisation of storage materials as 
a carbon limited environment would not allow storage to take place but a 
nitrogen or phosphate limited environment would. Thus the utilisation of 
storage materials would effectively differentiate between carbon high or 
carbon low environments.
The analysis of gross metabolic processes gives some insight into 
the physiological state of a Streptom yces spp. as a whole within an 
environment. However, the macromolecular synthesis and tRNA 
measurements will only give us a global indication of the these processes. 
If the observed changes are due to a change in population, methods have 
to be devised which are capable of measuring MMS rates and tRNA 
concentrations in discreet populations in the fermenter and in particular 
areas of the hyphae. If we are to take full advantage of the Streptom ycetes
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a complete physiological understanding is required and hopefully this work 
will contribute in some way to this understanding.
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A p p en d ix  1
Description Of The Properties Of A Red Pigment Produced By 
S accharopolyspora  erythraea  In Phosphate Limited Conditions.
Abbot Laboratories (N Chicago) have made a number of 
observations about a red pigment produced by S. erythraea  CA340 
(personal communication ,T. Paulus, J. DeWitt and J. McAlpine).
1 .There is probably a family of red pigments as 8 different red spots have 
been seen on silica TLC.
2 .Culture age influences the number and nature of the red pigment, older 
cultures produce more pigment and the colour is browner.
3.Some of the pigments may be chemical degradation products. Exposure 
to high pH (>10) appears to degrade red pigment to a brownish pigment 
that is no longer extractable in organic solvent.
4.The pigment is subject to complex redox chemistry as is indicated by the 
following observations.
a) flask culture did not turn red until removed from the shaker and allowed 
to stand on the benchtop. Red colour then developed from the top of the 
culture downwards. Shaking the culture made the redness disappear ,but 
it reappeared once shaking stopped.
b) colour formation did not require the presence of cells but it did require 
air. Supernatants became red coloured on standing but not if flushed with 
nitrogen. Without cells colour formation was not reversible.
5.Only a single relatively clean fraction was isolated by silica gel column 
chromatography. This fraction has a high extinction coefficient at about 
480nm and an even higher one between 260nm and 280nm. The structure
190
elucidated by NMR appears to be a quinone ,possibly a dimer.
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A p p en d ix  2
Sub-lethal Concentration Of Streptomycin And Actinomycin In 
Saccharopolyspora erythraea.
As part of the tRNA set of experiments it was important to establish 
the sub-lethal concentrations (SLC) of the protein synthesis inhibitor 
streptomycin sulphate and the DNA synthesis inhibitor actinomycin D.
The principle of this test is to introduce different concentrations of 
the inhibitors to a lawn of S. erythraea  and ascertaining the concentration 
of inhibitor which does not affect growth.
Table 1
Inhibitor Sub-Lethal Concentration (gl *)
Streptomycin Sulphate 0.003125
Actinomycin D 0.00156
The results presented in table 1 agree closely with those obtained by 
M. Archer and S. Martin in this laboratory. A problem however, is 
presented, in that these inhibitors may have affects upon our erythromycin 
assay due to some additional reaction on the test organism A rthrobacter  
citreus. Although tests showed that there was no lethal effect at the 
concentrations we are using it is possible that the inhibitors will interact 
with the erythromycin produced by S. erythraea  to produce an enhanced 
effect.
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Work by Maccacaro (1961) showed that the presence of two 
antibiotics in sub-lethal concentration can have an affect on an organism 
due to interactions between the two antibiotics. The types of interactions 
which can occur between two antibiotics can be summarised as follows :-
Synergism - the effects in combination are greater than the sum of 
the individual effects.
Antagonism - the activity of one antibiotic is reduced by the 
presence of another.
Additive - The total effect of the antibiotics is equal to the sum of 
the individual effects.
The type of interaction that is occurring can be ascertained by 
measuring the zone sizes produced when A. citreus is exposed to different 
concentrations of erythromycin in combination with a sub-lethal 
concentration of the inhibitor. When this is done an 'isobol' can be drawn 
(Dale, 1987). This type of graph indicates the interactions that are 
occurring by the shape of the curve produced.
Erythromycin + Streptomycin Sulphate
Erythromycin in concentrations of 0.1 ,0.5 ,0.0025 ,0.00001 gH in 
combination with 0.039 gl-1 of streptomycin sulphate is added to an assay 
plate of A. citreus (see Materials and Methods).
A graph of the 'zone size squared’ against Log Mo (Log of 
Erytliromycin concentration) is plotted to produce an asymptote of the 
effect of the erythromycin + inhibitor, (see graph 1)
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On the same graph a line of zone size against Log Mo of 
erythromycin without any inhibitor is plotted (labelled erythromycin on the 
graph).
A graph of 'additive effect' is also plotted by adding the zone size 
produced by the inhibitor alone to the zone sizes of the erythromycin 
alone. Thus this line would indicate the graph we expect if the antibiotics 
have no effect upon each other.
Thus the shape of the asymptote tells us the type of interactions we 
are getting between the compounds as follows
Shape Of Curve Effect
Straight line No interactions or additive effect
Concave line or points below the 
‘additive effect’ line.
Synergy
Convex line or points above the 
‘additive effect’ line.
Antagonism
Graph 1
r squared
The effectiveness of the erythromycin as presented in the graph 
above appears to be unaffected by the presence of the streptomycin. Thus
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at the concentration of inhibitor present we cannot see any indication of 
synergy,antagonism or additive effects.
Erythromycin + Actinomycin D
A. citreus was exposed to erythromycin in concentrations of 0,1 ,0.5 
,0.0025 ,0.00001 gl-1 and actinomycin D at 0.046 gH. This produced a 
graph as presented in graph 2 .
Graph 2
r squared
The graph shows no evidence of antagonistic ,synergistic or 
additive effects at the concentrations of actinomycin D present.
Both of these graphs show that the presence of the inhibitor has no 
effect upon our bioassay for erythromycin.
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A p p en d ix  3
Assays
Biomass Estimation
1. Pre-dry the filters (0.45mm, Whatman) by heating in a microwave oven 
at maximum power for six minutes. Also place a beaker containing 
600ml of water in the oven to prevent damage to the oven.
2. Dessicate for 24-48 hours.
3. Weigh.
4. Wet the filters in 0.01% Tween 80 (Sigma).
5. Shake the sample and filter 5ml.
6 . Rinse with 3 x 10ml of dF^O.
7. Place the filter in a petri dish and microwave at maximum power for six 
minutes. Again include a beaker of water in the microwave.
8 . Repeat so that we have three filters for each sample.
9. Cool the filters and desiccate for 48 horns before weighing.
10. Calculate the mean and standard deviation.
Erythromycin / Bialaphos Estimation (Kersey & Fink, 1954)
Reagents
24 hour old shake flask culture of A rthrobacter citreus in NB.
250ml of NA
Erythromycin standard (Sigma) from 100 to Omg ml-1
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Protocol
1. Clean the assay plates with 70% Industrial Methylated Spirits (IMS).
2. Pour assay plates using 250ml of NA and 1ml of A. citreus per plate.
3. Allow to cool.
4. Place at 4°C for two hours to allow the NA to harden and then punch 
holes into die agar using a template and cork borer.
5. Place 200pl of test into each well, performing each test in triplicate.
6 . Include a control (erythromycin) in each plate.
7. Incubate the plates at 30°C for 24 hours.
8 . Leave at room temperature for 24 hours.
9. Measure die zone sizes.
10. Calculate the concentration of antibiotic present by plotting log zone 
size against concentration of antibiotic
Glucose Assay 
(Trinder, 1969)
Reagents
This was detennined on the culture medium using a glucose (Trinder) 
reagent for the enzymatic determination of glucose (Sigma).
Dissolve one vial of reagent hi 100ml of Reverse Osmosis water 
(RO water) in an amber glass bottle. Cap immediately and mix several 
times by inversion. DO NOT SHAKE. The reconstituted reagent is stable 
for 3 months at 2-6°C.
Make up a glucose standard curve (Sigma) from lgl"1 to O.lgH. 
Test samples must be diluted so that there media glucose contents 
fall within the range of the standard i.e. NI and PI media is diluted 1:50,
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Cl medium is diluted 1:25
Protocol
1. Dilute test samples and prepare a standard curve.
2. 3ml of reagent is added to 100pi of test.
3. Leave at room temperature for 20 minutes.
4. Read absorbance at 505nm using a reagent plus RO water as a blank.
5. Colour is stable for approximately one hour.
Macromolecular Synthesis Rates (In  Vivo Measurement)
(Modification of a method by Granozzi et a l ,  1990)
Reagents
The macromolecular synthesis rate (MMS) was determined by measuring 
the rate at which radiolabelled precursors were incorporated into a micro­
organism over a period of time. The method presented here is an extensive 
modification of that used by Victoria Bascaran in this lab.
Radiolabelled Stock Solutions
Uracil 'C14' (R N A )
0.4mM of 'cold* uracil (Sigma) + 2.0mCi ml' 1 of 'hot' uracil 
(C14 ,Amersham).
Thvmine 'C14' (DNA)
0.4mM of 'cold' thymine (sigma) + 2.0mCi ml' 1 of 'hot' 
thymine (C14, Amer sham)
Leucine 'H3' (Protein)
5mM of 'cold' leucine (Sigma) + 25mCi ml' 1 of 'hot' leucine 
(H3, Amersham)
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Protocol
1. Set up a water bath at 30°C in a controlled area.
2. Label scintillation vials, shake flasks and McCartney bottles.
3. Pre-fill the McCartney bottles with 4ml of ice cold 10% Trichloroacetic 
Acid (TCA) and keep at 4°C.
4. Aliquot 15ml of culture into a flask, using one flask per label.
5. For DNA add 400pi of Thymine stock and 75pi of 2-deoxyadenosme 
(Sigma), for RNA add 400pl of Uracil stock and for Protein add 80pl of 
Leucine stock.
6 . Place flasks in water bath and agitate constantly.
7. Take a two 1ml sample at 0,5,10,15,20 and 25 minutes and place in a 
McCartney containing 4ml of ice-cold 10% TCA to stop the 
incorporation.
8 . Leave McCartneys at 4°C for 30 mmutes after sampling.
9. These samples are then filtered onto glass microfibre filters (Whatman 
GF/F 2.5cm) and are washed twice with ice-cold 5% TCA.
10. Transfer the filters to a scintillation vial.
11. Leave at 30°C for 24 hours to allow the filter time to thoroughly dry 
out. If the filters are still wet then interference with the scintillation fluid 
will occur.
12. Add 5ml of scintillant (Optiphase Safe, LKB Liquid Scintillation 
Products).
13. Count die vials in a Wallac 1410 liquid scintillation coimter using the 
'Easy Count' programme.
14. Record waste and amounts used.
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Nitrate Assay 
(Beutler & Wurst, 1986)
Medium nitrate concentration was determined by using the 
Boehringer Mannheim nitrate assay kit. All test samples were performed in 
duplicate.
Phosphate Assay 
(Fiske & SubbaRow, 1925)
Reagents
AnalaR Acetone (BDH)
2.5M Sulphuric Acid (BDH) ,133ml of cone. H2SO4 in 1000ml of
water.
Ammonium Molybdate (Sigma) , 12.359 gl"1.
Mix as die in ratios of 2:1:1(AAM).Citric Acid 1M, 210.14 gl'1. 
Standard Phosphate stock solution at lmg of phosphate per ml 
(1.43g of KH2PO4 per litre).
This stock is diluted to give a standard curve of range 100,80,60,40,20,0 
mg ml"1.
It should be noted that some glassware is washed in phosphate based 
detergents and thus it is advisable to use plasticware only in this assay.
Protocol
1. Media samples from Cl and NI media are diluted 1:100. Samples from 
PI media are not diluted.
2. To 500jli1 of sample add 4ml of AAM and mix well.
3. Add 500 jlx1 of citric acid solution to stop the reaction.
4. Read absorbance at 355nm.
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5. Calculate the m edia phosphate concentration.
Protein Assay (Bradford)
(Bradford, 1976).
Reagents
100 mg of Brilliant (Coomassie) Blue G (Sigma) is dissolved in 
50ml of 95% ethanol (BDH).
Add 100ml of 85% w/v phosphoric acid (Sigma).
Dilute to a final volume of one litre.
Final concentration 0.01% w/v Coomassie Blue
4.7% w/v Ethanol 
85% w/v Phosphoric Acid 
Make up standard curve (10-lOOmg) with albumen (Sigma) in 0.15M 
NaCl.
Protocol
1. Make up sample biomass in 0.15M NaCl.
2. Add 5ml of reagent.
3. Vortex.
4. Read after 20 minutes at 595nm against a reagent blank.
5. Calculate protein content per gram of biomass.
Spore Assays
The presence of spores within a liquid culture system is determined 
by the use of some factor to which the spores are resistant but the hyphae 
are sensitive. On this basis two assays were used which were based on
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either spore resistance to lysozyme digestion or resistance to ultrasonic 
disruption.
Lysozyme Digestion Spore Assay 
(Koepsel & Ensign, 1984)
Reagents
Grade 1 lysozyme (Sigma)
lOmM Tris/HCl buffer pH 7.0 (Sigma)
Protocol
1. Use 1ml of a 1:10 diluted sample made up in Tris/HCl buffer.
2. Add 50pg of lysozyme and incubate at 37°C for 50 minutes to digest 
the mycelial cell walls.
3. Plate the samples as a dilution series on NA making plates of both 
treated and untreated material.
4. Incubate at 30°C for 48 hours.
5. Count the plates and compare the results on the treated and untreated 
plates to show the level of sporulation.
Ultrasonic Disruption Spore Assay 
(Daza e t a l ,  1989)
Protocol
1. Prepare a dilution series of the sample in Tris/HCl buffer (pH 7.0).
2. Aliquot in 1ml volumes into sterile eppendorfs.
3. Disrupt the mycelia by sonication in ice using 4 x 30 second bursts at 
intensity 3 using a microtip (Heat Systems XL).
4. Plate out treated and untreated samples on NA.
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5.Incubate at 30°C for 48 hours.
6 . Count the plates and compare the treated and untreated plates to give 
the level of sporulation.
Total Carbohydrate (Phenol /  Sulphuric Acid) Assay
(Dubois et a l ., 1956)
Reagents
H2SO4, reagent grade 95.5% (BDH)
Phenol 80% by weight, prepared by adding 20ml of to 80g of 
reagent grade phenol. This mixture forms a water-white liquid that is 
readily pipetted. This solution often turns pale yellow after a few months 
of storage but this does not interfere with the assay.
Use glucose as a standard curve in the range of lgl-1 to 0.
Protocol
1. Add 2ml of biomass to a universal tube.
2. Add 0.5ml of phenol.
3. Add 5ml of H2SO4 rapidly to the liquid.
4. Leave for 10 minutes.
5. Shake.
6 . Place in a water bath at 25-30°C for 10-20 minutes.
7. Read absorbance at 490nm.
8 . Calculate the grams of carbohydrate per gram of biomass.
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Total DNA
(Burton, 1956)
Reagents
Aqueous Acetaldehvde (1.6%)
Stock acetaldehyde is cooled (99%, BP 22°C, Aldrich) and using a 
cooled pipette 1ml is transferred to 61ml of dt^O. This stable for 
several months at 4°C.
Diphenylamine Reagent
1.5g of diphenylamine (99% Aldrich) is dissolved in 100ml of 
Glacial Acetic Acid (BDH).
Add 1.5ml of concentrated H2SO4 (AnalaR BDH).
This is stable for 3 months at 4°C. Just before use add 0.1ml (cold) 1.6% 
aqueous acetaldehyde per 20ml of reagent.
Deoxvribose Standard
134mg of 2-Deoxyribose-D-ribose (97% Aldrich) is dissolved 
in 100ml of 5mM NaOH. This is stable for 6 months at 4°C. Dilute from
0.2mM to 0.02mM in perchloric acid to make a standard curve.
Perchloric Acid
0.5N perchloric acid (60% BDH) is made by adding 546ml of 
perchloric acid to 454ml of (IH2O to give a final volume of 1 litre.
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Protocol 
DNA Extraction
1. Centrifuge 10ml of culture at 3000g for 10 minutes and discard the 
supernatant.
2. Add 4ml of perchloric acid and leave at 70°C for 15 minutes, then 
centrifixge at 3000g for 10 minutes.
3. Tip the supernatant into a McCartney.
4. Add 3ml of perchloric acid and leave at 70°C for 15 minutes, then 
centrifuge at 3000g for 10 minutes.
5. Keep and pool the supernatants.
6 . Repeat steps 4 to 5.
7. The pooled samples can be kept frozen indefinitely until assayed.
DNA Assay
1. Prepare a standard curve of deoxyribose.
2. Prepare reagents.
3. Add lml of sample of standard or reagent to 2ml of diphenylamine 
reagent.
4. Use lml of perchloric acid as a blank.
5. Incubate at 30°C for 17 hours.
6 . Measure absorbance at 600nm.
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Total RNA
(Webb & Levy, 1958).
Reagents 
Orcinol Reagent
1. Make up a 1% (w/v) solution of Orcinol.
2. Add 0.9g ofFeCl3 to 1 litre of cone. HC1 (0.1% FeCfy in cHCl).
3. Add 1 volume of orcinol solution to 4 volumes of 0.1% FeCfy in 
cHCl.
This solution is stable for approximately 1 hour.
RNA Standard
Make a stock solution of 1 mg/ml RNA (Fluka) in water and use to a 
standard curve hi the concentration range of 0-500jig ml"1.
Perchloric Acid (0.5 N)
A 0.5N solution is made by adding 546ml of perchloric acid (60% BDH) 
to454ml of cfflfyO. This is stored at room temperature in an opaque 
bottle.
RNA Extraction
1. Centrifuge 10ml of culture at 3000g for 10 minutes and discard the 
supernatant.
2. Add 4ml of perchloric acid and leave at 70°C for 15 minutes, then 
centrifuge at 3000g for 10 minutes.
3. Tip the supernatant into a McCartney.
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4. Add 3ml of perchloric acid and leave at 70°C for 15 minutes, then 
centrifuge at 3000g for 10 minutes.
5. Keep and pool the supernatants.
6 . Repeat steps 4 to 5.
7. The pooled samples can be kept frozen indefinitely until assayed.
RNA Assay
1. Prepare a standard curve.
2. Prepare orcinol reagent.
3. Add 2ml of orcinol reagent to 2ml of sample.
4. Heat at 100°C for 15 minutes.
5. Cool to room temperature.
6 . Add 11ml of n-butanol (to give a total volume of 15ml).
7. Read at 640mn.
tRNA Assay
( In  Vivo Aminoacylation Of tRNA To Give The Levels Of Charged 
And Uncharged tRNA)
(Modification of Andrulis & Arfrn, 1979)
Reagents
Phenol:Chloroform pH 6.0
1.Melt phenol at 55°C.
2. Add 1 volume of phenol to 1 volume of chloroform and also include a 
few grain of dehydroxyquinone to colour the phenol.
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3.Add half a volume of 0.25M sodium acetate pH 6.0.
Use the phenol layer do not mix in the experiments.
Protocol
1. Take a harvest of biomass from the fermenter.
2. Place 5ml aliquots of this biomass into two separate universals. Label 
one of these as 'tRNA' and the other as "Total tRNA'.
3. To each of these add:-
80jli1 of radiolabelled leucine (H3 at 16mCi ml'1).
50mM of cold leucine (add 50pi of 5mM stock).
4. Place both universals into a waterbath at 30°C and agitate.
5.Take two 400pl samples from each of these every 5 minutes for 30 
minutes and quench in 500pi of ice cold 10% Trichloroacetic Acid 
(TCA).
6. Add lOOpl of streptomycin sulphate (200mg ml'l) to the 'Total tRNA' 
universal at time 15 minutes. This should prevent the conversion of 
amino acids into protein and thus all the tRNA will be radiolabelled.
7. Centrifuge at 2500g for 10 minutes.
8. Wash the sample twice in cold 5% TCA.
9. Resuspend in 700pi of buffer (0.25M sodium acetate pH 6.0,ImM 
EDTA,0.05% Brij 58).
10. Add 500pl of lOmg ml"1 E. coli tRNA as a carrier.
11. Extract nucleic acid with 700pl of 1:1 phenol chloroform, pH 6.0.
12. Sonicate for 3 x 20 seconds in ice using a Heat Systems Sonicator at 
setting 3 using a microtip.
13. Centrifuge at 5000g for 5 minutes at 4°C.
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14. Treat 150 pi of the phenol layer from the tRNA samples with cold 5% 
TCA and collect on glass microfibre filters for scintillation counting. 
This will give us the protein synthesis rate.
15. Clarify the aqueous layer from both samples by further extraction in 
phenol: chloroform.
16. Treat 150jL il of the aqueous layer with 1 ml of cold 5% TCA and 
scintillation coimt.
17. Treat another 150jul of the aqueous layer with 150pl of 0.4M NaOH 
for 15 minutes at 37°C and then precipitate with 1ml of cold 5% TCA 
before scintillation counting.
The phenol layer counts will give us the protein synthesis rate. The 
aqueous layer counts gives us the levels of aminoacyl tRNA by subtracting 
the NaOH sensitive counts from the untreated counts.
The resulting figure gives us the level of charged tRNA in the 
case of the 'tRNA' sample and the total level of tRNA in the 'Total 
tRNA’ sample.
